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ABSTRACT

Transmission °7Fe Mdssbauer Spectroscopy has been used
to investigate two standard iron oxides and two environ-
mental corrosion products in the temperature range
10-300 Kelvin. This was achieved using a specially
developed Air Products cryogenic refrigeration system
using gaseous helium as the refrigerant - thereby
removing the requirement of an expensive liquid helium
facility normally required for low temperature work.

Characteristic spectra and transitions were observed for
both the standard oxides. The environmental corrosion
products demonstrated the differences in observed spectra
between a sample which exhibits only bulk properties and
one in which the particle size distribution within the
sample is such that relaxation phenomena become important.
The interpretations-made from the variable temperature
MOssbauer data were confirmed by the complementary
technique of X-ray diffraction.

Conversion electron MoOssbauer spectroscopy (C.E.M.S.) and
conversion X-ray MoOssbauer spectroscopy (C.X.M.S.)
backscatter techniques have also been developed and are
now routinely available in our laboratory.

The greater escape depth of the conversion X-ray allows
the C.X.M.S. method to be used to record spectra from
samples to which a protective layer such as a paint,
varnish, grease or oil layer has been applied. To ensure
a surface sensitive signal, the substrate surfaces had to
be enriched in the MOssbauer isotoge *’Fe. This was
achieved by vacuum evaporation of >’Fe onto the substrate
surface and subsequent diffusion of the °7Fe into the near
surface region - this diffusion had to be accomplished
without oxidising the surface.

Samples thus prepared were subsequently exposed to
aggressive atmospheres and their CXM spectra recorded.

The limitation of the method is that only room temperature
spectra can be recorded at present and difficulties are
encountered in the assignment of spectra that contain only
quadrupole doublets.
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also obserﬁed by Yamamoto [6]. In this case, different
methods of preparation gave different size dependence
with the range of sizes at which TM approach zero
‘Varying between 20—60.nm diameter unsupported particles.
Krupyanskii and SuZdale&'[7] compared results from15 nm
diameter particles supported on silica gel. These had
a lower. value of TM (215 K) than did the corresponding
bulk sample and the conclusion was that the nature of
the support affected thc magnetic properties. Nininger
and Schroeer [8] observed a Morin temperature of 175 K
for 35 nm diameter particles. It was estimated that
particles smaller than 20 nm diameter would not have a
Morin transition, in agreement with the predictions

of Kundig et al [4] and with Yamamoto [6].

Syzdalev [9] explained the collapse of the six line
spectrum to a doublet for both o-Fe,0; and a-FeOOH fine
particles as a phase transition between antiferromagnetic
ordering and the paramagnetic state at a certain critical
volume. Van der Kraan [10] observed considerable

line broadening in the spectra of fine particles of
a-TFe,0;, and studied surface effects by enriching the
surface of small particles with °’Fe. For 12 nm diameter
particles, the Morin transition was not observed even
down to 4 K. Unenriched ﬁery small particles (5 nm
diameter) exhibited what appeared to be two fields at

low temperature, and the paramagnetic doublet had larger

splitting (A 2 0.9 mms—!) than the bulk material.



Shinjo et al [11] preparedyd—FezQa particles from pure
S¢Fe, the surface of the'particles being very thinly
coated with °’Fe. Spherical particles of a-Fe,0; of
100-200 nm were produccd. . The MOssbauer results
showed that the surface hyperfine field rapidly
decreased with increasing tehperature but the Morin
transition took place at the same temperature as for

bulk crystals.

The spinel y-Fe,03 (maghemite), is ferrimagnetic with
octahedral and tetrahedral iron sites. Armstrong et

al [12] used an external field to resolﬁe the two sites,
and concluded that ﬁacancies existed in octahedral sites
only. Coey and Khalafalla [13] studied superparamagnetism
in small particles of Y-Fe203, Spectra at low temperatures
and in applied fields showed no distinct difference between
fields in bulk and fine particles except for a random

spin canting angle for surface ferric icns and for the
relaxation effects due to superparamagnetism. Haneda

and Morrish [14,15] studied vacancy ordering in small
particles of y-Fe,0; and used surface enriched °’Fe to
conclude that the variation of the hyperfine field with
particle size was due to the particle size distribution
rather than a different field for surface atoms.

Maghemite has been found énvironmentally [16] and its

magrnetic properties find application in recording tape [17].



1.1.2 * ‘Magnetite, Fe 0,

Magnetite, Fe3Q;, is an inverse spinel in which the iron
atoms occupy interstitial sites. between oxygen atoms
which have a close—packed'cﬁbié structure. There are

two types of iron sites; the tetrahedral (A) sites and
the octahedral (B) sites; of which the former are
occupied by Fe®* ions and the latter by Fe2* and Fe3t
ions. In the unit cell there are twice as many B sites
as A sites. In a simple ionic model, the iron atoms

at the B sites are antiferromagnetically coupled to those
at the A sites so that the moment of the ferric ions
cancel and the net ferromagnetic moment is due to the
ferrous ions at the B sites, with the easy direction

of magnetisation being normally along the [111] direction.
On cooling to 119 K, the Verwey temperature, TV, [18],

the structure spontaneously transforms to orthorhombic
symmetry and the electrical resistivity increases by

two orders of magnitude. Verwey et al [19,20] explained
the low resistivity aboﬁe T

\'
hopring between Fe2* and Fe3* ions at the octahedral

as being due to rapid electron

sites. Such hopping is inhibited below TV due to an

ordering of the Fe?? ions in alternate layers, which

gives rise to the orthorhombic symmetry [21].

The interpretation of MOssbauer spectra aboVe TV has

added weight to an alternatiﬁe explanation of the
increased conductiﬁity in terms of a band model for the

electrons. Below T both MGssbauer spectroscopy and

V,
nuclear magnetic resonance techniques suggest that the



magnetic ordering is not as simple as originally

envisaged by Verwey et al [19,20].

The MOssbauer spectrum for:éagnetite at room temperature
consists of two sets of six line patterns with fields

of 488 and 460 kG in the area ratio 1:2, associated
with the A and B sites: Thé widths of the B site lines
are typically 507 broader than those of the A site
lines. This broadening was formerly associated with a
relaxation mechanism inﬁol&ing electron hopping between
the Fe2* and Fe’* sites. A.ﬁalue for the relaxation
time at 295 K of 1.1 ns was obtained from the temperature
variation of the B site line width [22], but this would
imply a conducti&ity two orders of magnitude smaller
than the measured one. Later work [23-25] has shown
that relaxation effects are not responsible for the
broadening. This was first clearly demonstrated by

van Diepen [23,24] who showed that the B site line-
width for a single crystal of magnetite depended upon
the direction of application of a small applied magnetic
field (8 kG). This showed that the broadening was due
to the presence of several fields at the B sites rather
than relaxation broadening. The Variation of these field
values with orientaticn of the iron spins strongly
suggested that the changes were due to changes in the

dipolar contributions to the hyperfine field.

Below the Verwey transition, the simple ordering model
in which the ferrous and ferric B site ions are

arranged on alternate‘ [100] planes implies the presence

-5 -



1.1.3

of two hyperfinc fields at these sites. The MOssbauer
spectrum is more complex; however, and Hargro&e

and Kiindig [26] and Rubinstein and Forester [27] have
fitted the B site spectruﬁ with four and five fields
respectiﬁely. Rubinstein and Forester [27] also
measured the NMR spectra at'4:2 K for the same sanple
which showed four resonances for the A site and five
resonances for the B site. Each of these resonances
could be decomposed into several components and the
result was consistent with eight inequiﬁalent Fe 0,4

molecular units in the unit cell below T,, which gives

v
rise to eight inequivalent A sites and 16 inequivalent

B sites. Mérup et al [28,29] have inVestigated the
particle size dependence cof magnetite spectra, studying

6 nm and 10 nm particles over a wide temperature range.
The spectra of the 6 nm particles collapse to a broad
singlet at ~ 230 K whereas the 10 nm particles show
magnetic splitting up to at least 350 K. 6 nm particles
of Fe;0, show the presence of a Verwey transition
between'4.2 K and 80 K. The Verwey transition temperature
decreases with decreasing particle size but appears to

be less sensitive to particle size than the Morin

transition in a-Fe,0; [29].

The Iron Oxyhydroxides;‘kQFéOOH

Takada et al [30] published some of the first data on
three crystalline forms ©f iron(III) oxyhydroxide, FeOOH.
They-identified oa-, B-, and y phases. Rossiter and

Hodgson [31] recorded the MBSSbauer spectra of these and



an additional crystalline form, 6-FeOOH, at room and
liguid nitrogen temperatures.

"déféodﬁ):'oethite, has the same structure as a-Al1O0OH

with the iron in a distorted octahedral enﬁironment of
oxygen, and a three dimensional structure results
from the sharing of edges and corners of the octahedra.

" Akaganite, B-FeOOH, differs in that it is non-stoichio-

metric containing Qarious quantities of fluoride or
chloride ions and water depending on the conditions
under which it is prepared. It has the «a-MnO, structure
with a three dimensional oxygen lattice and an octahedral

iron environment. ~ Lepidocrotite, y-FeOOH, is similar

to a-FeOOH but has a complex layer structure. The

fourth form, §-FeOOH, is ferrimagnetic in contrast to

the a-, B-, and y-forms for which the low susceptibilities
imply paramagnetism or antiferromagnetism. Little is
known about its crystal structure other than it appears

to be based on a hexagonally close-packed oxygen

(hydroxyl) lattice.

Early work on oa-FeOOH reported a. magnetic hyperfine
splitting at room temperature, showing it to be anti-
ferromagnetic [32,31]. Other data showed evidence for
two hyperfine patterns which, it was claimed, had a
different temperature dependence; ordering at 340 K and
370 K respectiﬁely [32,33]. This imples four magnetic
sublattices to preserve antiferromagnetism. Two reports

of superparamagnetism in small particle goethite further
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coupling between iron atoﬁs. " The Néel temperature will
correspond to the point at which the wcaker of these
breaks down. The extrapolated magnetic field.éalue of
H(0) = 504 kG . issmller than that of Fe,0; (544 kOg)
or Fer‘(622 kG) and reflects the effect on the Fé;mi
term of increased covaleﬁby in this compound. In this
sense, the magnetic field of ferric ions is a better
indication of the degree of éo?alenCy than the chemical

isomer shift.

Govaert et al [40;41,42] in a series of short papers

have summarised the Variety of natural goethites which
give room temperature spcctra varying from sharp six
line, to broadened highly relaxed; to mostly para-
magnetic doublets. The minerals are classified [40] in
three classes: (1) Goethites of hydrothermal origin
with large grain size and clear six line spectra.

These materials also had narrow X-ray peaks and no excess
water. (ii) Goethites with asymmetrically broadened
MOssbauer spectra. These were formed by weathering

"of oxides sulphides or silicates. These samples contained
about 137 excess water. (iii) Goethites formed by
weathering of FeCO; producing ﬁery small particles and
containing much excess water. The MOssbauer spectra

were primarily doublet in nature.

The crystalline modification akaganeite, B-FeOOH, was
inéestigaged by Takada et al [30]; it was shown that

this phase had zeéro field at room temperature and a



hyperfine field smaller than that of goethite at 100 K.
Dezsi et al [43] studied the spectra of B-FeOOH as a
function of temperature. ' The Néel point was observed
at approximately 295 K and above this the material
remains paramagnetic uniil at about 670 K decomposition
occurred to a-Fe,0;. Yamamoto et al [39] used oriented
particles to determine that the spins were parallel to
the long c axis and the field gradient perpendicular

to the ¢ axis. Another study of B-FeOOH has been made
by Howe and Gallagher‘[44] who noted that some previous
reports had been of unwashed, undried material, which
probably contained some chloricde ions. The stoichio-
metry of the reported material was not FeOOH but given
as FeOgp.33:;(0OH);,18. Hogg et al [45] studied the
temperatﬁré depéndence of the magnetic field for a
synthetic sample of B-FeOOH and fitted the data to a
Brillouin curve to obtain a Néel temperature of 296 K.
Two reports have appeared dealing with naturally
occurring akaganeite in soil. Logan et al [46] based
their evidence on room temperature doublet spectra which
have quadrupole splittings greater than the other forms
of FeOOH. Johnston [47] found characteristic X-ray
pattefns for B-FeOOH in volcanic surface deposits— as
well as room temperature Mossbauer parameters similar
to the above. He noted the presence of ~ 107 chloride
ion in the natural akageneite samples. BHEe also noted
that the spectrum of synthetic B-FeOOH, which gave an

1

aVerage A =0.70 mms™" at room temperature, could be

- 10 -



split into two doublets: one with A = 0.96 mms™! and

the other 0.54 mms-!. This latter splitting was in lower
abundance and was ascribed to fine particles of goethite
present in the seemingly pure ﬁaterial. In a series of
more recent papers; Chambaere and De Grave [48,49,50,51,
52] have studied several aspects of B-FeOOH, and have

shown that the.ﬁalue of T,, and the magnetic interactions

N
are variable and depend upon conditions during synthesis.
It is suggested that this is due to a spin reduction
induced by a Variable amount of interstitial water
molecules in the compound. The low temperature
antiferromagnetic state has also been characterised and
three separate hyperfine fields ha&e.been identified.

The phase transformation B-FeOOH to a-Fe,0; has also been

studied.

Lepidocrocite, y-FeOOH, is paramagnetic down to at least
77 K with a small quadrupole splitting [30,31,33,53].
Below this temperature it becomes antiferromagnetic [53].
The Néel temperature is not clearly defined in either
mineral or synthetic samples, and magnetic and paramagnetic
spectra coexist oVer a range of at least 10 K even in
large single crystals. This excludes small particle
superparamagnetism as an explanation. Murad and
Schwertmann [54] studied the influence of crystallinity
on the MOssbauer spectrum of lepidocrocite, noting a
decreaée in the quadrupole splitting of poorly
crystallised paramagnetic samples and lowering of the

onset of magnetic ordering from the bulk Néel temperature

- 11 -
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technique unless sophisticated surface techniques with
enriched °’Fe are used. ' All subsequent steps can be
inﬁestigated by MOssbauer spectroscopy ie the thickness
range 3-300 nm by conversion electron MOssbauer spectra
and up to 100 pm by gamma scattering or transmission
M6ssbauer spectroscopy. This region is of great
interest in the inﬁestigation of the corrosion process
and is not easily monitored by methods such as photo-
electron spectroscopy or X-ray diffraction. Typical
results of phase analyses by X-ray diffraction and
MOssbauer spectroscopy are compared by Meisel [58].
Loose rust from a steel sample formed after outdoor
exposure for several months in an industrial region was
used. A substantial amount of the corrosion product

is amorphous with respect to X-rays and therefore cannot
be identified by X-ray methods. The Mossbauer results
indicate that this component consists mainly of a-FeOOH.
The reportedly small Feaoa content found by X-ray
diffraction is a misinterpretation because the spinel
oxides Fe;z;O, and y-Fe,O; are not distinguishable by
their X—ray'spectra. The MOssbauer spectra of the two

spinels are Very different.

The effect of sea water and other waters (distilled,
bidistilled, mineral and drinking water) on a-Fe has
been studied by Péev et al [59]. The major corrosion
products in the case of sea water are -, y-FeOOH, and
FeOCl. The same author [60] has also in?estigated the

corrosion of iron inthe anion exchanger of an industrial

- 13 -



water desalinising equipment. Goethite and magnetite
were identified as the major corrosion products.

Bhat and co—workers'[61;62] have studied the corrosion
products of a cast iron aﬁd an electrolytic iron in
aqueous ammonium nitrate solution. The initial products
of room temperature corrosion of the cast iron wére found
to be a ferrihydrite FesHOg.4H,0 and y-FeOOH, but after
longer periods magnetite was observed; Above 80°C, non-
stoichiometric magnetite or ferrihydrite or haematite
are the major products depending on the ratio of the
reactants. The nature of the corrosion products on the
electrolytic iron were shown to be pH dependent at room
temperature. At temperatures above 80°C 0-Fe,O,4

wasthe major product. Leidheiser et al [63,64] have
investigated the atmospheric corrosion of iron. The
initial product of y-FeOOH changes to a mixture of
0.~FeOOH and Y—Fe203. Steels exposed for many years

were observed to be covered with a corrosion product
consisting largely of y-Fe,0;, the minor component being
y-FeOOH. Mossbauer spectroscopy has been used to study
the corrosion products of mild steel exposed to several
different en?ironments [65] including outdoor natural
and marine atmospheric, sulphur dioxide, sulphur dioxide
plus hydrochloric acid, and synthetic sea waters. In
most cases, large portions of y-FeOOH énd super-
paramagnetic fractions of o-FeOOH were identified.
Corrosion products from mild steel panels exposed at

eight different atmospheric test sites in Sweden were

- 14 -



1.2.1

studied by Singh et al [66]. All samples exhibited

small particle superparamagnetic relaxation effects in the
room temperature MOssbauer speétra. The corrosion products
were mainly identified by low temperature (10 K) MGssbauer
spectra and X-ray diffraction - the diffraction lines are
broad confirming the small particle size. In all samples,
a-FeOOH and y-FeOOH were the main constituents (> 70%).
B-FeOOH and non—stoichiometric magnetite were found in
samples exposed to marine atmospheres. The o-FeOOH/
Y-FeOOH ratio was found to increase with increasing

sulphur\dioxide concentration at the Qarious test sites.

The majbrity of MOssbauer experiments are performed in

a transmission gecmetry and inﬁolﬁe the detection of
gamma radiation transmitted through thin absorbers, this
method yielding data relating to the bulk properties of
the absorber. If information relating to surfaces is
required, the use of transmission methods is restricted
to a few special absorbers. These may be microcrystalline
dispersed on high area inert substrates, materials with
high internal surface areas such as zeolites or clay
minerals, or simply stacks of ﬁery thin absorbers. To
overcome these difficulties and to study surface and
near surface regions of solids, backscatter techniques
based on the detection of conversion electrons and
conversion X-rays emitted from the surface following the
resonant absorption step in the absorber have been

developed [67]1. An excited ®’Fe nucleus, *°7Fe, will

- 15 -~



decay in approximately 807 of cases. by the emission

of a 7.3 keV conversion electron. The escape depth for
such an electron is typically about 300 nm so that

the MOssbauer spectrum obtainéd by detecting such
electrons will be charactéristic of iron atoms within
that depth in the scatterer. Following the emission

of these conversion electroﬁs in about 70% of cases an
L Auger electron is emitted which will also contribute
to the MOssbauer emission signal. 1In the remaining

30% of cases; a 6.3 keV X-ray is emitted which has

a typical escape depth of about 10 pym [68]. Several
proportional counter designs haﬁe been described which
may be used to count either electrons or X-rays by
changes in the flow gas mixture from helium/methane

to argon/methane [69,70]. Clearly, conversion electron
Mo6ssbauer spectroscopy (CEMS) will be of most value

in the study of thin surface layers such as those
produced by oxidation or corrosion or by deliberate
chemical treatment of a surface. If the surface
treatment is somewhat deeper, thé use of conversion X-ray
Mossbauer spectroscopy (CXMS) is required.” This technique
may also Ee used to record spectra from substrates
protected by oil, paint or ﬁarnish layers Without first

removing such a layer from the surface [71].

There have been many CEM studies of oxidised iron foils
ranging from simple demonstrations of oxide-oxyhydroxide
components in the spectra to systematic attmepts to

determine the oxide thickness as a function of oxidising

- 16 -



temperature, time, and oxygen pressuré. " The problem
of determining the oxide thickness from the relatiée
spectral areas due to oxide and substrate is complex

because of uncertainties in‘the,§a1ues of electron

attenuation coefficients. -

In one of the earliest systémd$ic in?estigations,

Simmons et al [72] identified the oxides present when

high purity iron wafers, on which had been electro-
deposited about 500 nm of 57Fe, were oxidised in either
oxygen or dry air at 1 atm pressure at temperatures of
either 225, 350 or 450°C. After oxidation at

225°C for longer than 5 minutes; a component due to
nonstoichiometric magnetite was observed, while at 350°C
(5 minutes) a duplex layer of a-Fe,O; and Fe O, was
formed. After oxidation for 10 minutes at 450°C, the
oxide was mainly stoichiometric magnetite. The oxidation
rate is thought to be dependent upon the ion and electron
conductivities through the oxide, and the absence of
o-Fe,0; at the highest temperature was attributed to

the resulting higher cation flux. Nucleation of a-Fe,O,

is not favoured until a sufficient thickness of Fe O,

is produced to reduce the cation flux.

The absence of a-Fe,0; was also noted by Sette, Camara,
and Keune [73] who oxidised a sample of unenriched
carbon steel (0.31% Mn, 0.047% C) for 30 minutes at
490°C and a partial pressure of 10 Torr O,. However,

oxidation of a pure iron sample at 500°C for a few minutes

- 17 -



at 10 Torr O, produced comparable amounts of Fe;0,

and o-Fe,05. These authors noted that the relative
intensities of the lines in the haematite spectrum

were 3:3.1:1.2:1.2:3.1:3. " This suggested that the
haematite grew with its c¢ axis preferentially oriented
perpendicular to the oxidé;métal interface. Using a
relationship between relati§e spectral area and oxide
thickness derived from Swanson and Spijkermann [69],

it was shown that the total oxide thickness for iron
samples oxidised at 500°C was approximately proportional
to the square root of the oxidation time. If the oxide
thickness can be determined independently, for example,
from the measured oxygen uptake, than a relationship
between this thickness and relatiﬁe spectral area due to
the oxide may be established. Graham and co-workers [74]
achieved this by inVestigating magnetite films in the
range 26-450 nm grown on natural iron substrates. In a
different study, Berry [75,76;77] inVestigated the
phosphating process used to pre&enf atmospheric attack
on iron foils. Several "light" and ”heaﬁy" phosphate
coatings were characterised and their stability against

oxidation and hydration investigated.

1.2.2 Aqueous CorrosiOn'Studieé

Ensling and co-workers [78] have studied the formation

of protectiﬁe oxide coatings on steam generator tubes

in the presence of water at high temperatures and pressures.
In the case of the alloys with a low nickel concentration,

the only oxide phase detected in the CEM spectra besides
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the substrate phases was a non-stoichiometric magnetite.
The composition of the protecti&e magnetite layers
varied slightly with increasing oxidation time. 1In
contrast; a nickel ferrite;.Nio.eFez,ZOg; was formed

as a protectiﬁe layer on the nickel rich alloy; its
composition being nearly_iﬁdependent of the oxide layer
thickness. The aqueous corrosion of iron may lead to a
- variety of products that include 8-FeOOH, y-FeOOH,
o~-FeOOH, Y—Fezos; a-Fe,0; and Fe304. If only room
temperature CEM spectra are recorded; difficulties

may be encountered in the assignment of spectra that
contain only quadrvpole doublets since these may arise
from either 8- or y-FeOOH or eQen superparamagnetic
particles of either o-FeOOH, Yy-Fe,0;, 0o-Fe,O; or Fe;04.
However, by making a variable temperature study, the
occurrence of superparamagnetic behaviour or the onset
of magnetic ordering may be detected, thus providing a
further insight into the nature and composition of the"
corrosion product. The nature of corrosion and abrasion
resistant surface phases formed by the chemical treatment
of an iron containing solid has been investigated by
Berry et al [79]. Conversion electron and transmission
Mossbauer techniques were used. Corrosion resistant
films produced by oxidising alksline solutions were shown
to contain ferric oxyhydroxides. Nitriding processes
which harden the surface by reaction of the metal with
cyanide ions give superficial phases which include two

iron nitrides, Fe,N and Fe,N. Sulphiding processes
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produce abrasion resistant surfaces by reaction of the
metal with thiocyanate ions and giﬁe a surface phase
containing the iron sulphide "Gregite" FezSi. No
evidence was found for the presence of iron'carbides

in materials treated with cyanate or thiocyanate.
Nitrided steel surfaces were also inﬁestigated by

Inaba et al [80]. The CEM spectrum obtained at room
temperature indicated that two phases of iron nitrides
existed at the surface and the nitrogen content was shown
to decrease gradually as successi#e layers were removed.
CEM spectra were recorded at 507 K, 363 K and room

temperature.

Huffman and Podgurski [81] used the CEM technique to
determine the thickness of haematite and magnetite
layers on iron foils oxidised in pure oxygen at elevated
temperatures. The oxide thickness Values were found to
be in good agreement with the volumetrically measuréd
oxygen uptake. Electron attenuation coefficients
determined from experimental work by Graham, Mitchell

and Channing were used [82].

Meisel and co-workers [83] used the CEM technique to
study the oxide layer formed on a steel substrate in
water containing chromate and chloride ions. CEM spectra
were recorded at room temperature using a helium methane
flow counter. For low temperature measurements, the
sample was mounted in a helium cryostat and the electrons

were detected using a channeltron [84]. X-ray photo-
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electron spectroscopy (ESCA) was used as a complementary
technique. In the presence of chloride ions; the oxide
layers formed were found to be thicker by an order of
magnitude than those formed in the absence of chloride
ions. These oxide layers were thought to consist of
ferric and chromic oxides of the corundum type
(Fel_xCrx)ZO_3 with the Cr:Fe ratio being depth dependent.
‘Passive films formed in pure chromate solutions are

known to exhibit a spinel type structure. In a subsequent
paper the same group reported the influence of phosphoric
acid on a standard steel and on its corrosion'products
[85]. Many industrial steel coatings require a
pretreatment of the surface with phosphoric acid and,
although any treatment is preceded by a rigorous

cleaning of the surface, residual (or subsequently
formed) oxides and corrosion products can never be
completely excluded. Reactions of phosphoric acid with
these oxides and corrosion products as well as the metal
surface must therefore also be considered. Most
commercial "rust transformers'" consist mainly of
concentrated phosphoric acid. A preVious MOssbauer
spectroscopy study showed that they fail to form a
protective oxide layer on the steel surface [86]. This
work showed that two types of process have to be
considered: (i) the influence of concentrated phosphoric
acid on metallic iron, Fe;O, and FeO, results in the
formation of a mixture of FéPO“.4H20 and Fey (PO, ), .8H;0.

(ii) The influence of concentrated phosphoric acid on
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o-, y-Fe,03, o=, B- or y-FeOOH results in the acid
ferric phosphate FeH;(PO4),.. 2.5 H,0. It was also
found that in no case had either the pure phosphoric
acid or any of the applied commercial rust transformers
converted rvst or some rust components into‘species
which are able to form a closed protective layer

inhibiting further corrosion.

Fujinami and Ujihara [87] investigated the corrosion
product on a.steel exposed to a sulphur dioxide atmosphere.
The formation of FeSO,.H,0 as the initial product,

FeSO4 .4H,0 as the intermediate product and y-FeOOH as

the final corrosion product was confirmed by analysis

of the CEM spectra. The atmosphere was composed of

moist air (relative humidity 957%) with 0.16 vol % of S0,.
The corrosion temperature was kept constant at 25°C
throughout the experiment. It was found that the ferric
compound located at the uppermost surface was

substituted by the ferrous compound at greater depth.

The same authors [88] also inVestigated the corrosion
product on a steel in H,S-N, and H,S-0,-N, environments.
The initial corrosion product in the H,S environment was
identified as FeS,_, (mackinawite). The next stage of
the corrosion procéss is fairly complex and various
processes have been suggested. The results of the CEMS
study indicated the presence of an intermediate compound,
which was thought to be ferrimagnetic mackinawite.
Finally mackinawite transformed to gregite (FezS.).

Further, it was confirmed that the presence of oxygen
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in a H,S environment promoted the production of iron
sulphide which is subsequently easily oxidised to

vY-FeOOH.

In another paper by Meisel [89]; some examples of phase
analysis of surface layers by MoOssbauer spectroscopy
were demonstrated. The inner surface of steel tubes

of a hot water heating system were characterised. FezO4
was the main component. FeCOa, iron carbonate, was

also observed. A similar sample to which some phosphate
was continuously added was also investigated. The
inhibiting effect of the phosphate led to a thinner
layer of the corrosion products, demonstrated by the
higher intensity of the substrate lines (o-Fe) in the
spectrum. Other samples were exposed to phosphated
water for 4 and 8 month periods. The progress of
corrosion is evident from the relative intensities of

the relevant subspectra.

Sawicki [90] has recently reviewed the conversion electron
Mossbauer technique in ion implantation studies. He
concludes that much routine °’Fe work in applied material
science is required, and suggests the following areas:
phase analysis; identification of impurity states;
studies of thermal effects. S37Fe CEMS analysis will
become a routine method for the characterisation of
iron-containing materials. Experiments will be combined
with other techniques such as electron microscopy, X-ray

methods, Auger electron spectroscopy, low energy electron
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1.2.3

diffraction, proton-induced X-ray emission, Rutherford
backscattering and ion channelling. Specialised
ultrahigh vacuum equipment for combined measurements
with these methods and CEMS will become available.
Applied work will call for more precise data for impurity
states in various materials. More studies of non-
equilibrium alloy rules and statistical modelling of
implanted impurities will be needed. Finally, it is
suggested that the deVelopment of experimental techniques
for CEMS will continue and the range of useful Mossbauer
resonances will be extended beyond the °’Fe, *!°Sn,

131Fy and !°7Au resonances which are used at present.

Salvat and Parellada [91] haﬁe dealt with some of the

theoretical aspects of the CEMS technique.

Depth Resolved MOssbauer Studies

In an extension of CEMS, in which the electrons are energy-
analysed, known as depth selectiﬁe conversion electron
M6ssbauer spectroscopy (DSCEMS), spectra afe accumulated
with selected electron energies. Each DSCEM spectrum

will be weighted towards a particular depth in the sample,
thus providing the possibility of depth profiling the
immediate surface regions. A degree of depth profiling
may be achieved with He/CH, detectors [92] or by
evaporating overlayers onto the sample [93], but more
accurate work requires the use of more sophisticated

equipment.
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In a pioneering paper, Bonchev et al [94] have described
the design and use of a magnetic iron-free beta-ray
spectrometer with intermediate image focussing for use

in '1°Sn experiments. These workers were able to
demonstrate that the '°Sn CEM spectra of a brominated
tin metal foil consisted of superpositions of peaks
arising from o-Sn, SnO,, SnBrz_and SnBr,. More
significantly, the area ratios of the spectra components
changed with changing electron energies in a manner which
suggested that SnBr, at the surface overlayed a layer of
SnBr,. Other grcups,notably Béﬁerstam and co-workers
[95-98] constructed similar spectrometers and
demonstrated the feasibility of making depth—resolﬁed
measurements with 37Fe. Because the electron spectrum
is now energy resolved, the count rates are lower than
those obtained with integral detectors and the use of
enriched samples is unavoidable if acquisition times

are to be realistic. As an example, Baverstam et al [97]
have presented spectra of a stainless steel foil coﬁered
with 36 nm of iron recorded at various electron energies.
The change in surface to substrate signal was clearly

shown to be a function of the electron energy.

A high resolution electrostatic electron spectrometer

was combined with a Mossbauer spectrometer and used to
obtain depth selective 57Fe Mssbauer spectra by
Shigematsu et al [99]. Conversion electrons in the energy
range between 6.6 and 7.3 keV were detected. A 25 nm iron

film (95% enriched) was vacuum deposited onto a 91% enriched
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stainless steel foil substrate. Depth selectivity was
clearly demonstrated from the spectra obtained. A
typical six line a-Fe signal from the 25 nm iron film
was shown to be clearly enhanced relati?e to the central
stainless peak of the substrate if electrons of 7.3 keV
are detected. Detecting electrons of progressively
lower energies reduces the a-Fe oﬁerlayer signal and
enhances the stainless steel peak intensity. At a

6.6 keV electron energy setting, the stainless steel

line dominates. and the a~-Fe pattern is hardly detectable.

Belozerskii et al [100] applied DSCEMS to the study of
very thin surface layers. A &ery thin oxide layer was
confirmed by electron spectroscopy for chemical analysis
(ESCA). The MOssbauer spectrum did not reveal this thin
oxide layer, and it was concluded that the recoil free
fraction in this layer was practically zero at room
temperature. Further work following the installation of
a cryogenic system was suggested. Staniek et al [101]
disagreed with this interpretation and showed that when
detecting conversion electrons of 7.3 keV energy, the
CEMS spectrum revealed the six a-Fe lines plus some
additional absorption in the central area. This was
assigned as a broad single line with an isomer shift,
relative to a-Fe, of + 0.24 mms—!, typical of Fe3* ionms.
The recoil free fraction in this thin surface layer is
thus not zero at room temperature but remains reasonably
high. A similar study was undertaken by Shinjo et al

[102]. An enriched °°®Fe layer of 21 nm thickness was
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deposited on a mylar substrate, followed by various
thicknesses of an °®’Fe layer. The samples were exposed
to the atmosrhere and then examined at 300 K and at

4.2 K. An oxide similar to y-Fe,0; with a non-colinear
spin arrangement was identified at liquid helium
temperature. Superparamagnetic relaxation at 300 K
gave rise to broadened lines and the authors suggested
this as a probable reason why the obser§ation of thin
oxide absorption is difficult at 300 K when the oxide
fraction is a minor part of the sample. They concluded
that surface enriched samples are ﬁery useful for the
study of surface oxidation especially in the early stages,

and that measurements at low temperatures are essential.

Similarly prepared samples were subsequently coated with
various thicknesses of antimony. These samples were
used to investigate oxidation at the interface between
iron and antimony. Liljequist et al [103] investigated
the depth and surface selectivity of DSCEMS using a

high resolution electron energy analyser combined with a
MGssbauer spectrometer. DSCEM spectra were recorded in
ultrahigh vacuum at electron energies ranging from 6.5
to 7.3 keV, with an energy resolution of 2.7%, and at
different electron emission angles, 6, relati?e to the
absorber surface normal. A test absorber consisting of
a thin o-Fe layer on a thick stainless steel substrate
was employed. The a-Fe and stainless steel MOssbauer
spectra areas were found to be in ﬁery good agreement with

theoretically calculated values. The predicted angular
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effects were verified and it was confirmed that the
surface signal is enhanced by measuring at glancing
angles relatiﬁe to the absorber surface. The angles
6 = 10°, 46°, 60° and 72° were used, and measuring time

per spectrum ranged from 14 to 58 hours.

In a similar study, Frost et al [104] used the phenomenon
of the total external reflection (TER) of gamma rays
incident at grazing angles to the surface in conjunction
with CEMS. A multilayer sample of two >?Fe layers
separated by a gold layer on a silicon wafer support

was prepared. After confirming by CEMS that all the
57Fe was present as iron metal, the top layer of iron was
gently oxidised, the gold layer proﬁiding an unambiguous
break between the iron and iron oxide. It was then
demonstrated that the surface oxide layer could be
selectively detected by controlling the angle of the
incident gamma ray beam. It is also suggested that below
a critical angle, the gamma rays do not penetrate the
bulk of the sample and the photoelectron background is

therefore greatly reduced.

Several papers have been concerned with theoretical
aspects of DSCEMS. Software and interactiVe methods

for DSCEMS data intempretation and quantitative analysis
are described by Liljequist and co-workers [105]. The
same author [106] determined the simultaneous energy loss
and angular distribution of internal conversion electrons

as a function of their starting depth inan iron sample.
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1.2.4

It was suggested that, at extreme glancing angles, the
selectiﬁe observation of a surface layer with a mean

depth of less than 1 nm may be possible. The method of
applying these results to DSCEMS analysis using different
types of electron spectrometers was also described.

In a subsequent paper [107], the influence of surface
roughness on conversion electron scattering and its effect
in CEMS and DSCEMS analysis weré considered. The results
obtained suggested that it may be possible to estimate
surface roughness from the energy loss profiles measured
at different angles. The energy distributions of the

7.3 keV conversion electron through several thicknesses
of'iron film and its application to DSCEMS has been
investigated by Itoh et al [108]. The method of

analysis is described in detail. The energy distributions
obtained are in fair agreement with those of the Monte
Carlo calculations of Liljequist et al [109]. The weight
coefficients for depth selectiﬁe conﬁersion electron
MOssbauer spectroscopy are presented for energy

resolution of 1, 2 and 37%.

Several authors have detailed methods for recording

CEM and DSCEM spectra at low temperatures. Sawicki

et al [110] mounted a scattering sample and channeltron
detector close to each other inside a small vacuum
chamber; The MOssbauer source is located above the
chamber and gammarays enter the chamber through an

indium sealed beryllium window. The chamber can be
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quickly and easily cooled by immersing in liquid nitrogen
or liquid helium in ordinary.storage‘Qessels. In a later
paper [111], the same authors modified their experimental
arrangement such that the MoOssbauer source is moﬁed much
closer to the absorber-detector. The close source-absorber-
detector separation increases the efficiency of the
spectrometer. Low temperature CEM spectra of °’Fe,
12°Sn, 131Eu and '®%W are presented as examples. In the
57Fe CEMS experiments at low temperatures, the choice

of a suitable source presents some problems. Source
matrices of Cr, Pd and Pt show hyperfine broadening or
splitting of lines at 4 K and even at 78 K. The
previously described arrangement with the source at room
temperature was therefore used for 57Fe experiments.

The modified experimental arrangement is shown to work
well for the determination of the Valence of implanted

europium ions in europium-silicon alloys [112].

Atkinson and Cranshaw [113] describe a backscatter
electron counter which detects low energy electrons of a
few eV which are released when a conversion electron
leaves the surface [114]. These electrons can be

regarded as secondary electrons produced by the collision
of the conversion electrons with the surface. The sample
is held in good thermal contact with a cold finger
maintained at liquid nitrogen temperature. The major
advantages of this system are that the sécondary electrons
are accelerated away from the sample surface such that

they enter the channeltron at an energy for which the
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channeltron detection efficiency is at a maximum, and
that the sample may be held at a low temperature without

cooling the detector appreciably.

Sato et al [115] were able to measure depth selectiﬁe
CEM spectra in the temperature range'774293 K using a
cylindrical mirror type electrostatic electron spectro-
meter. A comparison was made between electron spectra
of a 57Co source obtained by the electron spectrometer
and by a He-CH, gas flow proportional counter. CEM
spectra of an °>’Fe enriched stainless steel foil were
also obtained, at 293 K and 195 K. 1In a later
publication, the same group [116] obtained CEM spectra
with an electron spectfometer for 6.6 - 7.3 keV ®7Fe
electrons scattered from solid surfaces. Depth
resolved conversion electron spectra of corrosion
products in the surface layer of an iron foil were
measured and the thickness of the layer was estimated
to be 15 nm. One of the corrosion products was
identified as B-FeOOH. . The technique was also used
to characterise an ironcomplex, potassium tris(oxalato)-
ferrate(III), K;[Fe(C,;04)3].3H,0, which had been
photoirradiated. Several reaction products were

postulated.

A channeltron detector system for CEM spectroscopy at
high temperatures has been deﬁeloped by Kowalski et al
[117]. CEM spectra of a metallic iron foil enriched

to 90% in S7Fe at several temperatures below and above

- 31 -



the Curie point of iron (1033 K) are presented. The
reduction in hyperfine field with increasing temperature
and final collapse of the magnetic detail are clearly
Visible in the spectra. A similar series of spectra of
a lithium fluoride single crystal doped with 5’Fe and

annealed in ﬁacuo at 873 K are also presented.
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2.1

- CHAPTER 2°: THE ‘MOSSBAUER .EFFECT; -HYPERFINE INTERACTIONS

--AND ~RELAXATION -PHENOMENA

Recoilless Resonance Fluorescence was first obserQed in

a nuclear system during R.L. M6ssbauerfs graduate work

in 1957 [1]. The subsequent de&elopment of the
application of MOssbauer Spectroscopy has primarily been
concerned with the isotopes °’Fe and '!°Sn; nevertheless
over 50 isotopes ha&e been shown to exhibit this effect
and more than 20 can giﬁe useful information without

extreme experimental difficulty.

Recoilless Nuclear Resonance -Absorption

Radioactive *’Fe is produced by the electron capture decay
of *7Co (t% = 270 dayvs), which is produced by a nuclear
reaction. °°Fe is bombarded with deuterons (iH) and

7Co is formed along with neutrons. The reaction may be

represented as follows:
56, 2 57 1
2¢Fe + JH =+ ;Co + gn
57 0 57
,,Co0 + B > . Fe¥
7Fe is produced in a nuclear excited state represented

by *7Fe*, which may decay to the ground state with the

emission of 3 y rays (14.4, 122, 136.4 keV)
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{
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7.
M
12— 17 Y 0
Fe

Figure 2.1 : Decay Scheme for °’Co

The 14.4 keV transition results in the common MOssbauer
photon. If a second °7Fe nucleus initially in the ground
state, absorbs the photon to produce °7Fe*, then this

process is described as nuclear resonance absorption.

- 44 -



) % *5S7FR
Y-ray
1 17,4 Rev
— Y 5 7F
2 e
Source Absorber
Absorption
4
Eg Energy 7 Eq
Emission Profile Absorption Profile

Superposition of the emission and absorption profiles give resonant
absorption

Absorption
A

A 4

Energy
Resonant Absorption

Figure 2.2 : The Process of Recoilless Nuclear Resonance

‘Fluoresernce in >’Fe
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The emitted y-rays from the "source have a Lorentzian
energy distribution about: a mean energy E, and have a

natursl line width, ', shown in Figure 2.3.

I(E)

— | — - —

> E

Eo

Figure 2.3 : The Lorentzian Distribution of Emitted

Y-rays

The energy distribution of the y-rays is defined by the
Breit-Wigner equation [2]:
fT 1

I(E) = -2 (2.1)
2 (E - Eg)? + (T'/2)2

where I(E) = Intensity of the distribution at energy E.
fs = Probability of emission from the socurce.
r = Natural line width - determined from the
Heisenkerg Uncertainty Principle
i.e. T =h/T
Eo = Transition energy.
T = Mean lifetime of the excited state.
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One of the most important influences on the y-ray energy
distribution is the mean lifetime of the excited state
(t). The ground state nuclear energy levcl has an
infinite lifetime and therefore zero uncertainty in energy
whereas the excited state has a mean lifetime of typically
10‘1°-1G—G.s. There will be a spread of y-ray energies

of width I'; at half height.

H

The full width at half height determines the limit of
resolution of the technique. For example, for °’Fe which
has an excited state of mean lifetime 1.4114 x 107 s,

then T',, = 9.3272 x 10~° eV. Where T

H
linewidth = 2T.

" is the Mossbauer

The transition energy is 14.41 keV, thus:

Iy  9.3272 % 107°
— = = 6.4727 x 10713
E 14.41 x 103

i.e. a resolution of better than 1 part in 10'? is

theoretically possible.

Recoil Energy Loss and Doppler Broadening

It has been assumed that, as a result of the transition
from the excited state to the ground state, the emitted
photon has an cnergy, EY’ equal to the transition energy,
Et, i.e. EY = E¢ - Eg. In general, this is not the case.
if the ﬁhoton is emitted from a nucleus of mass M moving
with an initial VelocityAvx (due to random thermal motion)

in the chosen x direction at the moment of emission, then
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its total energy above the ground state nucleus at rest
is (E + 3MVx2). After emission, the y-ray will have an
energy.EY and the'nuCleus.a,new.ﬁelocity,(vx +,§) due to

recoil (Figure 2.4).

" 'Before ‘emission - " 'After ‘emission

y
O «~~ O
Vo Vx4tV
Velocity _— —
Energy E + A%MVZ. = EY + EM(Vy + v)2
Momentum MVx = M(Vy + v) + Ey/c

Figure 2.4 : The Energy and Momentum are Consefved‘in the

Y Emission Process

By conservation of energy

2 = 2
Ee + iMVZ = Eg + EY + IM(Vx + V) (2.2)
Since Et = Eg - Eg, then (2.3)
SE = Et - EY = IMVZ + MvVx (2.4)
oo 6E = Ep + E (2.5)

The y-ray energy is thus seen to differ from the nuclear
cnergy level separation by an amount which depends on
the recoil kinetic energy, Ep + %Mvz, independent of the
velocity VX, and by ED = M{rVx which is proportional to
the atom velocity Vx and is a Doppler effect energy.

Thus, emission of the y-ray from the source results in a
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shift in energy of the eﬁli‘ésion energy profile of the
order EY,= Et{ - Eg. '~ For resonant absorptionto occur;
a y-ray _e‘ne'r'gy of EY» = Et + Ep is requiredA,' hence there
is an energy difference of 2Eg. The effect of Ep on the
 emission and absorption energy distributions is shown

in Figure 2.5.

Energy profile

Ener rofile
R of absorbed y-ray

of emitted y-ray

E E
Y t Py

Figure 2.5 : The Effect of Thermal Doppler Broadening

and Recoil on the Energy Profiles of Emitting

and Absorbing Muclei

In addition, the emission and absorption energy profiles
experience Doppler broadening, Ep, arising from random

thermal velocities of the source and absorber.

The kinetic energy of a nucleus in the x direction from

recoil is given by:
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Eg = 3MV%.« 3KT (2.6)

2E,,
and .(v.f()*. =/ — 2.7)

Substituting for (Vi)% in (2.4)’gi§es:

Ey = 2 VEL.K.T (2.8)
Thus the y-ray distribution is shifted by ER and
broadened by twice fhe mean of the recoil energy and the
aVerage thermal energy. The probability that resonarnce
will occur depends on the magnitude of Er. For
transition energies of the order of 10% eV, Ep is
significant and overlap of the energy profiles is poor.
In order to observe resonance fluoresence, it is necessary
to eliminate the effects of recoil and of Doppler

broadening.

Energy and Momentum Transfer to the Lattice

In 1958, MoOssbauer discovered that, under certain
conditions, nuclei embedded in lattices at 'low'
temperatures were effectively frozen in the lattice,

and hence unable to recoil and experience Doppler
broadening of their emission and absorption lines.

This '"freezing'" arises due to the gquantised nature of the

lattice vibrations.

Classically, the atoms of a solid Vibrate about their
equilibrium positions with an energy that varies
continuously with temperature. HoweVer, Einstein realised

that a solid is a quantum mechanical system and therefore
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its energy should be quahfised’and transitions could only
occur through phonon interactions. The Einstein energy,
Ee’ is the minimum energy'required to excite the lattice
and corresponds to a single phoncn transition. The
ﬁibrational energy of the lattice can only change by
discrete amounts O,'ih@;’iZhd etc., (hw. = Eg, the
Einstein energy) and depending on its magnitude, the
recoil energy of a single nucleus can be taken up either
by the whole crystal or it can be transferred to the
lattice through phonon interactions, thereby increasing
the vibrational energy of the crystal. If the recoil
energy is less than Eg, then a zerc phonon interaction
occurs, no energy is transferred to the lattice and
the recoil is taken up by the whole crystal. If the
recoil energy is greafer than Eg, many phonon
interactions may be involved and the energy is
transferred to the vibrational energy of the lattice.
Consequently, the emitted y-ray suffers energy recoil

and is Doppler broadened.

Tor many low energy transitions in solids at low

temperatures, therc is a finite probability of emission
of y-rays without recoil energy loss. This probability
is termed the recoilless fraction "f" and is expressed

as:

|=4m2 <x>?
f=exp |——z— (2.9)

where <x2> is the mean square vibrational amplitude of

the emitting (or absorbing) nucleus in the solid, X is
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the wavelength of the photon. -

This expression is obtained by reducing the Hamiltonian
operator for the atom to one term which represents the
transition from the initial.ﬁibrational state Lj to the

final vibrational state Lf. [3]

i.e. f = constant | < Lg| elk-X | ;> | 2 (2.10)

where k is the waﬁe vector for the emitted y photon
(the number of units of momentum it carries = EY/ﬁc), X
is the co-ordinate ﬁector of the centre of mass of the

decaying nucleus.

Since <x2> depends upon the binding energy and
temperature, the displacement must be kept to a minimum
tc observe the Mossbauer effect. (Since f increases as
<x2> decreases) In the Debye model, the solid is
assumed to be composed of a/ continuum of oscillator
frequencies [3], which aliows the recoilless fraction

tc be evaluated as:

(2.11)

}--GE ( )2 Op/T x‘dxl
f = exp ' ;655 { + { } [ ——__—T[

L t J_

The integral can only be solved under certain conditions
[3], i.e. at absolute zero and at high temperatures where

the expression reduces to

. .3E
(1) At Absolute zero : f = exp [} EE%—-l (2.12)
. D .
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(2) At the high temperature limit (where T >‘OD)

T 3 ...GER.‘T—I |

K 0

Source Absorber Detector

Figure 2.6 : Schematic'RepreSentation'of‘a‘MBssbauer

Spectrometer

Consider the 14.4 keV y photon emitted by a °’Co source
and an absorber containing °’Fe in an identical lattice.
The radiation which passes through the absorber will be
less than expected due to resonant absorption and
subsequent re-emission over a 4w solid angle. If a
Doppler velccity is applied to the source with respect
to the absorber, then a shift in the energy of the
source spectral line will be observed according to the
Doppler relationship EY = Ep i'E%X. If a range cf
velocities are scanned, then at a particular velocity
when the emission and akbsorption profiles are exactly
coincident, resonance absorption will be at a maximum
(Figure 2.7). At higher or lower velocities, the
resonance will decrease until it is effectively zero.

A Mossbauer spectrum is thus a plot of absorption
.against a series of Doppler.ﬁelocities bztwecen the

source and absorber.
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Figure 2.7 : (a) Emission Energy Spectirum, (b Absorption

Energy Spectrum, (c) Resultant MoOssbauer

Spectrum

Similarly, a Doppler velocity can be used to achieve
resonance when the transition energies of the source
and absorber are different. These differences in the
nuclear energy leﬁels are directly related to the

electronic and magnetic environment cf the absorbing

- 54 -



2.2

nuclei. The MOssbauer technique thereby provides a
powerful method of investigating the chemical environment

of the nucleus.

Hyperfine Interactions

Application of the MOssbauer effect exploits its precise
energy resolution. The natural line width of the
MOssbauer radiation expressed as a fraction of the
transition energy I'/E,, may be as low as 5 X 10“1ﬁ.

The line widths are comparable with or less than the
interaction energies between the nuclei and their
extranuclear electric and magnctic fields. These inter-
actions between the nucleus and its environment are

called hyperfine interactions.

It is normal to study the hyperfine interactions in
absorbers ccntaining the stable MOssbauer isotope using
a single line source. The source matrix is chosen to
have a line width as near to I' as possible, and to have a
large recoil free fraction. The radioactiﬁe source 1is
mounted on a velocity transducer and the absorber fixed
in a suitable manner. If the nuclear levels in the
absorber are split by the hyperfine interactions, then
there will be a number of different erergies at which
absorption can take place. A change in count-rate will
be detected when the Doppler velocity applied to the
source -brings the emitted y-ray into coincidence with

the absorption energy.
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2.2.1

These hyperfine interactions giﬁe rise to the Isomer
shift, §, Quadrupole splitting; AEQ, and the Magnetic
Zeeman Splitting, H. All three interactions can be
expressed as the product of a nuclear term, which is a
constant for a giﬁen Mossbauer y-ray transition; and an
electronic term (Table 2.1) which is related to the
electronic structure of the resonant absorber being

studied.

The Isomer‘Shift

For many purposes, it is adequate to consider the

nucleus as a point charge which influences the extra-
nuclear electrons via ths coulombic potential. Howeﬁer,
the nucleus has a finite volume, and this must be taken
into account when considering nucleus-electron inter-
actions because an s-electron wavefunction implies a
non-zero electron charge density within the nuclear
volume. During the course of a nuclear y transition, it
is usual for the effective nuclear size to change,
thereby changing the nucleus-electrcn interaction energy.
This change is only a minute fraction of the total
coulombic interaction but is dependent upon the chemical
environment of the nucleus. It is not possible to
measure this energy change directly, but it is possible
to compare values by means of a suitable reference, i.e.
the y-ray source used in reccrding the Mﬁssbauer spectrum.
The obserﬁed change in chemical isomer shifts for a gi&en
nuclide is frequently within an order of magnitude of the

Heisenberg natural line width of the transition. The
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Table 2.1 :

Schematic Representation of Hyperfine Interactions

Solid State Factor

Interaction

Nuclear Factor

Magnetic Field Electronic Field

Electron Density at
Nuclear Site

+ const <R2> p(o0)

Mean Square Nuclear
Charge Radius

Gradient

AE = pH + QVE

Nuclear Magnetic Nuclear Quadrupole
Moment Moment
Magnetic Hyperfine + Electric Quadrupole
Interaction Interaction

+ Isomeric
Shift
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MGssbauer resonance line recorded by velocity scanning
may thus be measurably displaced from zero velocity if
the chemical enﬁironment of the nuclide in the source

and absocrber differ.

The isomer shift can be computed classically by considering
the effect of the oﬁerlap of s-electron density with the

nuclear charge density.

Cnly s-electrons have a finite probability of over-
lapping with the nuclear charge density, and thus of
interacting with it. However, the s-electron density
at the nucleus is often sensitive to changes in p- or

d-electrcn density because of shiélding effects.

The nucleus is assumed to be a uniformly charged sphere

of radius, R, and the s-electron density at the nucleus,
[W(O)SJZ, is assumed to be constant over the ruclear
dimensions. By computing the difference between the
electrostatic interaction of a point nucleus and the
interaction of a nucleus having a radius R the interaction
energies can be estimated. [3,4,5] The difference in

energy is given by
SE = K[\U(O)SJZR2 (2.14)

where K is a nuclear constant. Since R is generally
different for ground and excited nuclear states, 6E will

be different for both (Figure 2.8) and:

§E, - OF_

o

= KIY(0)J2(R? - R?)) (2.15)
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" Figure 2.8 : Nuclear Energy Levels and the Isomer Shift

" (a) source and absorber nuclear energy

levels, (b) resultant MOssbauer spectrum
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where subscripts e and g refer to the excited and
ground nuclear states respectively. The R values are
nuclear constants, but the'[lp(O)S]2 terms will vary
from compound to compound. The above energy difference
becomes measurable in the Mossbauer experiment by
comparing the nuclear transition energy in the source,
SEy, with that in the absorber, aEy. The isomer shift
is given by the difference in transition energies for

source and absorber.
I.S. = K(R?_ - R2g>{£w(-0)S]2a - [w(O)Slzs} (2.16)

Standard sources are usually employed e.g. S7Co-Rh
for °7Fe MOssbauer spectroscopy. Since the change in
radius Re - Rg is very small, the isomer shift can then

be written in a more familiar form
I.s. = 2kgz 3B {[y(0)_12_ - c} (2.17)
[ ] [ ] R S a [ ]

where: ©6R = Re - Rg and ¢ is a constant characteristic
of the source used. Thus the isomer shift depends on

a nuclear factor S8R and an extranuclear factor

[¥(0) 12 .

For a given nucleus, 6R is a constant, so that the
isomer shift is directly proportional to fhe s-electron
density at the nucleus of thke aksorber. When SR is
negative - as for °’Fe - an increase in s-electron
density at the absorber nucleus results in a more

negative isomer shift. [3]
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Although changes in isomer shift are due to Variations
in s-electron density,; differences in isomer shifts are
observed on addition or removal of p- or d-electrons
which do not themselﬁes interact directly with the
nuclear charge density. Shielding by other electrons
effectiﬁely increases the s-radial functions and
decreases the s-electron density at the nucleus i.e. a
3d°4s! outer electronic configuration will have a higher
s-electron density than 3d74s® because of the

penetration of the 3s orbital by the 3d.

The Quadrupole Splitting

The quadrupole splitting arises from the interaction of
the nuclear quadrupole moment with the local electric
field gradient. Until now it has been assumed that the
nucleus is spherical and has uniform charge density.
Nuclei with spin 0 or % are spherically symmetrical

and thus the ground state of ®7’Fe (I = %) cannot exhibit
a quadrupole interaction. For nuclei with a spin
angular momentum greater than %, the charge density

is no longer uniform and the nucleus assumes either a
prolate or an oblate shape, resulting in a quadrupole
moment. The quadrupole interaction results in a
splitting of the nuclear energy levels. For °7’Fe,

1, = %, ena I, =1 the I_ = ¥,
two (mI =+ 3@ ’ i]@), the Ig =1é level remains

level splits into

degenerate. Both the possible transitions are allowed
with equal probability and a characteristic two line

spectrum is cbserved. In general, there will be a
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combined isomer shift and quadrupole interacticn
(Figure 2.9). The separation of the peaks is the
quadrupole splitting and the centre of the two peaks
relative to zero ﬁelocity is the isomer shift. For
half integral nuclear spins, the quadrupole interaction

results in I + % levels for spin I.

The quadrupole interaction [3] results in an energy

change given by

EQ = 4I(g;q8'1) [3mI2 - I(I + 1)] (1 + n2/3)% (2.18)

where Q nuclear quadrupole moment
n = asymmetry factor

my - magnetic quantum number

eq maximum value of the field gradient

e = electronic charge

In each case where the degeneracy is removed, the
magnitude of the splitting is determined by the
interaction of the quadrupole moment with the z
component of the electric field gradient (E.F.G.) which
is related to the symmetry properties of the crystal.
The E.F.G. is found by applying the gradient operator
to the three components of the electric field which is
itself a vector. The result is a 3 x 3 tensor which
can be reduced to three components

" 92V 92V 32V
9x%? 3y?’ 9z?

written Vxx’ Vyy’ sz

- 62 -



W
~
>)
+
o

(a)

t 3

1/2-——————/’//;;;;er Shift Quadrupole Splitting

Absorption

1

Quadrupole
Splitting

[
I
!
I
|
|

(b) Isomer Shift
» Velocity
-Jﬁ J +vl (mms™*)
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excited level (I = %) split into two by
guadrupole interaction, (b) resultant

" M6ssbauer spectrum
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These are not independent and are related by the
Laplace equation in a region where the charge density
vanishes: Vxx + Vyy + VZZ-= 0. By convention, the

z co-ordinate of the E.F.G. is chosen to coincide with
the highest symmetry axis of the molecule or crystal
and n is defined as:

V.. =V
n=-2%__7J7¥ (2.19)

VZZ

Thus VZZ and n are the only two independent components
in equation (2.18). The components are choser so that
sz:3 Vyy > ka, thereby O.s n_s 1. For an axially

i i a i = =
symmetric field gradient Vxx Vyy and so n 0, and

for cubic or spherical symmetry each Vii = 0 and the

quadrupole interaction is zero.

The E.F.G. has two sources: firstly, each electron in
the atom makes a contribution to a component of the
E.F.G. tensor, and if the orbital population is not
spherical, the total value of VZ will be non-zero.

).

&

This is termed the valence ccntribution (qVal
Secondly, there is a contribution from distant ionic
charges from associated ligands. This is termed the
lattice contribution (qlat)' These two contributions
are not inderendent due to shielding,antishielding
effects. It is normally assumed, on account of the
inverse cubic dependence on distance that Qa1 will be

much larger than Aygt° [6] To correlate the magnitude

of the quadrupole splitting with the geometry and
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2.2.3

electronic structure of the compound, a means of
computing the relative magnitude of the E.F.G. is
needed. The simplest approach to this is the point
charge model which has been described by other

workers. [7,8,9]

The magnetic hyperfine splittings arise from the
interaction of the nuclear dipole magnetic moment, u,
with the hyperfine field, B, existing at the nucleus.

The Hamiltonian represcnting the interaction is

given by:
H= -u.B = -gguy 1.B (2.20)
where gy = nuclear gyromagnetic ratio
Hy = nuclear magneton
I = nuclear spin angular momentum

The interaction completely removes the degeneracy of
the nuclear spin, I, tc split each level into
(2I + 1) sub-levels. The shifts in the nuclear energy

associated with the loss of degeneracy are given by:

EmI —uN.BmI (for mp = I, 1-1, 1-2,...-I) (2.21)

E = B.m (2.22)

my —gNuN I
For the °’Fe nucleus gy differs in sign for the ground
and excited states and the selection rule describing
the allowed M6ssbauer transitions, Am = 0, * 1, gives

rise to-a symmetric six line spectrum (Figure 2.10).
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The spacings between the line pairs (1,2), (2,3), (4,5),
and (5,6) are equal since

for 1=39E-= B.3/q

~EnMN
-gyHy B

and for I =1/2, E

oom = Ig,9 - Lp= —gyby B

Hence the peaks are equally spaced and this is useful

in determining the velocity linearity of the MoOssbauer
spectrometer using the known splitting of natural iron.
The absolute line energies and corresponding Doppler
shift velocities have been determined independently

by several groups of workers using a number of absolute
calibration standards. The determined values of the line
positions are used as secondary standards to routinely

calibrate the spectrometer.

The line widths of the six peaks are in general equal,
but the intensities are different. The line intensities

are given by:

I, = I¢ = 3(1 + cos?9) (2.23)
I, =1Is = 4 sin20 (2.24)
I, = I, =1+ cos?0 (2.25)

Where 0 is the angle relative to the principal axis
of the magnetic field. The above data is taken from

the MOssbauer Effect and Data Index, 1975.

In a similar way to the isomer shift and quadrupole

splitting, the magnetic hyperfine effect is the product
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of a nuclear term which is a constant for a given
MOssbauer transition and a magnetic term which can be
produced by the electronic structure. The magnetic
field at the nucleus can originate in several ways.

[10,11,12] A general expression is:
H =H, - DM + 4/,1M + Hg + Hy, + Hp (2.26)

Hp is the value of the magnetic field at the nucleus
generatad by an external magnet and is effectively
zero away from a large magnet. The nrext term, -DM,
is the demagnetisimng field and 4/3ﬂM is the Lorentz
field (the coefficient being strictly applicable to
cubic symmetry only) but both are small. Hg, usually
referred to as the Fermi contact term, arises as

a result of the interaction of the nucleus with an
imbalance in the s-electron spin density at the

nucleus.

~16m
HS = = My [Z(s+ - s+)] (2.27)

S

where st and sV are the s-electron densities at thke
nucleus with spin up and spin down respectively. Its
actual origin may be from intrinsic wapairing of the
actual s-electrons, or indirectly as a result of
polarisaticn effects on filled s-orbitals. These may
occur if the atom has unpaired electrons in d- or f-
orbitals, or if it is chemically bonded to such an atom.
The interaction of an unpaired d-electron with the
s—-electrons of parallel spin will be different to that

with the s-electrcns of opposite spin. The result is
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a slight imbalance of spin density at the nucleus.

If the orbital magnetic moment of the parent atom is

non-zero, the term HL is giﬁen by

= _ -3
HL 2uB <r—-3><L>

= = -3 -—
or HL 2uB <r—3>(g 2)<S> (2.28)

<L> and <S> are the appropriate expectation Values of
the orbital and spin angular mcments and g is the

Landé splitting factor.

The final term in equation 2.26 arises from the dipolar
interaction of the nucleus with the spin moment. The

terms Hg, H; and Hy can all be of the order of 10* - 10°

S® "L
gauss and their sum is usually referred to as the

internal magnetic field.

The sign of the internal magnetic field H can be readily
determined. Equation 2.26 shows that the application

of an external magnetic field H, alters the effective
field at the nucleus tc the sum H + Hy. Application of
an external field to a magnetically split Mossbauer
resonance will result in an observed increzase or
decrease in the hyperfine field according to whéther

the applied field is parallel or antiparallel to H.

This method was described by Hanna et al. [13] The
fields required are large, typically 30-50 kG, and
superconducting magnets are used. If there are two

or more ficld directions present, as in antiferromagnetic
materiais, it may be possible to.distinguish the
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sublattice resonance lines by the opposite effects of

the applied field.

From the above description, it might be assumed that
all compounds containing unpaired.valence electrons
would show a magnetic splitting. However, the
Hamiltonian in equation 2.20 contains I and B as a vector
product and the obser?ation time scale is of the order
of 10-% s. The electronic spins which generate B are
subject to changes c¢f direction, known as electronic
spin relaxation. In paramagnetic compounds, the spin
relaxation is rapid and results in B having a time
average of zero and no magnetic splitting is seen.

When phenomena such as ferromagnetism or antiferro-
magnetism are present, the relaxation rates are slower
and splitting is observed. There are, however, inter-
mediate conditions where the electronic spins are
relaxing on a time scale comparable with that of the
Lamor frequéncy, and these conditions result in complex
spectra [14]. For this study the influence of particle
size effects on relaxation and hence on the observed

M6ssbauer spectrum is of importance (Section 2.3).

Because the internal magnetic field of a magnetically
ordered material is generally proportional to the
magnetisation, its temperature dependence will reflect
the latter and follow a Brillouin function approaching
zero at the Curie or Néel temparature. In cases where

two or more distinct magnetic lattices are present, the
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Mossbauer spectrum will re&eal the internal field at
each individual site, whereas the bulk magnetisaticn

is an averags effect. This differentiation is
particularly significant for antiferromagnetic compounds
where the MOssbauer spectrum can confirm that magnetic

ordering is present.

Combined Magnetic and Quadrupole Interactions

In some>magnetic materials, there will also exist a
non-zero quadrupole interaction. This complicates the
interpretation of the spectrum considerably. In general,
it is not possible to sclve this problem for a general
relationship between the magnetic field and the elecctric
field gradient. Only under certain conditions can the
system be solved. The special cases are identified from
the symmetry of the crystal, the site symmetry and the
magnetic properties. The simplest case can be used to
illustrate the type of spectrum that will be observed.
If we consider an axially symmetric electric field
gradient tensor with a symmetry axis parallel to H, a
small quadrupole interaction can be treated as a
perturbation to the magnetic interaction. The energies

are given by:
my |+
E = —gugly, + (-1ITIT % eq g/ (2.29)

and the level splitting is illustrated for a 3/2 -+ L&
decay in Figure 2.11. In this simple example, the two
energy contributions are added, the magnitude of the
quadrupole interaction is equal for each magnetic

1eve1,lg, but some leﬁels are shifted up and others are
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2'3

shifted down.

Particle Size Effects

1

Microcrystals are present in many technologically
important materials eg catalysts, magnetic tape,
ceramizss, corrosion products, pigments in paints,
building materials. An understanding of particle size
effects is therefore important in studies of many
different types of materials. Several reviews of
MOssbauer studies of magnetic microcrystals have

recently been published. [15,16,17]

Figure 2.12 is a schematic illustraticn of the
dependence of the observed hyperfine field on the

crystal dimensions of magnetic microcrystals.

Bobs
<

CRYSTALLITE DIMENSION

Figure 2.12 : Schematic Illustration of the Dependence
of the Observed Magnetic Hyperfine Field on the Crystal
Dimension of Magnetic Microcrystals
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Particles with dimensions larger than 50-100 nm.(Region

essentially exhibit the bulk mzgnetic behaviour.

For small particles of a magretically ordered material,
a critical size exists below which a particle consists
of a single domain in a zero applied field. This is
because the decrease in magnetic energy obtained by
splitting the single domain into smaller domains is
less than the energy increase created by the formation
of domain walls. When the crystal dimensions are
below 20-50 ﬁm, the particles are single domain
particles. The demagnetising field will then
contribute to the total magnetic field at the nucleus

which is given by:

> > > <>
Bops = Bn ¥ By * Bp
->
where Bh is the field due to the electrons surrounding
->
the nucleus, BL is the Lorentz field due to the
-

neighbouring atoms, and BD is the demagnetising field.
As an example, we consider a spherical particle of

metallic iron at room temperature. In this case
> ->

Bh = - 337 kG ang BL

hyperfine field BObs

+7 kG. These twoc terms give the

-330 kG in multi-domain
particles. (The domains are arranged such thst the

demagnetising field is negligible.) In spherical
->

1)

single domair particles, BD = -7 kG. The total
>
magnetic hyperfine splitting is therefore BobS = =337 kG,

i.e. the magnetic hyperfine splitting in a single

domain particle is increased relative to that of a
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multi-domain particle [15,16]. This is represented by

region 2 of Figure 2.12.

In the absence of an applied magnetic field, the
magnetisation direction of a large magnetically ordered
crystal is along an easy direction. Howe&er, the
anisotropy energy decreases when the particle size
decreases, the thermzl energy may become comparable to
the anisotropy energy of a small particle (< 10 nm),
even at temperatures below rocm temperaturé. The
magnetisation is then no longer fixed to an easy
direction but fluctuates in a random way. Essentially

these fluctuations can be divided into two categories.

EASY DIRECTION

Figure 2.13 : Schematic Illustration of Collectiie

" Magnetic Excitations in 'a Micrccrystal
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(i) Small fluctuations around an easy direction
(Figure 2.13) are called collective magnetic
excitations and are responsible for the broad
non-Lorentzian line shapes often obserVed.

(Region 3 of Figure 2.12)

(ii) Superparamagnetic relaxation when the
magnetisation direction fluctuates among the
various easy directions. When the super-
paramagretic relaxation time is short compared
with the time scale of the experimental method
being used to study the magnetic properties,

the sample resembles a paramagnet.

These large fluctuations among the various easy
directions lezd tc the collapse of the magnetic

spectrum. (Region 4 of Figure 2.12)

The different behaviour of a bulk sample and a

microcrystalline sample are summarised by Figure 2.14.

s~
~
-

MICROCRYSTAL | BULK

MAGNETIC HYPERFINE FIELD

Te Te
TEMPERATURE

Figure 2.14 %t Magnetic Behaviour of Bulk and Micro-

" ‘crystalline samples
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The blocking temperature, TB’ is defined as the
temperature below which the particles behave as
magnetically ordered crystals. Aboﬁe the blocking

temperature, the magnetic hyperfine splitting collapses.

In practice, a sample of microcrystals will exhibit a
particle size distribution. Experimental spectra
therefore may vary from completely ordered magnetic
spectrum, to one typical of a paramagnetic material,

and very often consist of a superposition of a six

line component due to the larger particles and a single
line or doublet due to smaller particles. The particles
~with intermediate relaxation times yield vcry broad
components of low intensity which are often very
difficult to interpret. Figures 2.15 and 2.16 illustrate
some of the complexities of typical MOssbauer spectra

of microcrystals.
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3.1

CHAPTER 3 : EXPERIMENTAL TECHNIQUES

A MOssbauer experiment essentially measures the rescnant
absorption in a sample as a function of Doppler energy
which is equivalent to measuring the count rate as a

function of.ﬁelocity_as previously.demonstrated.

Characteristics of ‘a Useful ‘Mossbauer Isstope

The ﬁast majority of Mossbauer work has inﬁolved the
isotopes *’Fe and '!°Sn but there are more than forty

elements which show ths effect. (Figure 3.1)

Méssbauer Periodic Table

Fe \ NUMBER OF OBSERVED
MOSSBAUER TRANSITIONS

A oNGER OF 1S0TOPES 1 wGH A IVA VA ViA via|He
, THE MOSSBAUER EFFECT T — _
Li | Be HAS BEEN OBSERVED

Ni | Cu

2

Figure 3.1 : The Mﬁssbauer'Periodic Table

The important criteria which make a particular isotope
useful for investigation using the Mdssbauer technique

are listed below:

- 82 -



(i)

(ii)

(iii)

(iv)

The source must emit: a suitable low energy
Y-ray, typically less than 150 keV, which

ensures an acceptable recoil free fraction.

The MOssbauer y-ray must be sufficiently well
resclved from associated radiation, this enables

background levels to be minimised.

The half life of the parent isotope must be
convenient for practical experiments. °7Co has
an ideal half life of 270 days. In comparison,
the parent nuclei for Nickel Mossbhauer
spectroscopy are °!Co and ®!Cu which have half
lives of 1.65 hours and 3.41 hours respectively

which are far too short for routine experiments.

The magnitude of the MOssbauer effect which is
proportional to the area under the absorption
curve. In general, for a 'thin' Lorentzian

absorption line, the area is giVen by
A = %ﬂ.fa.fs.OO.n.X.B (301)

where f, = absorber recoilless fraction
fg = source reccilless fraction

o9 = isotope cross-section

n = isotope natural abundance
X = absorber thickness
B = 1/no. of absorption lines.
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3.2

Only isotopes which have a significant natural
abundance, cross-section and recoil-free

fraction will give a useful MOssbauer effect.

(v) The experimental line widths must be close to the
natural line widths, and the line positions must
be sufficiently,sensitiﬁe to allow the hyperfine

interactions to be resolved.

The Mossbauer Scurce

The decay of °7Co emits a y photon of energy 14.4 keV
(t% = 270 days) which has a natural line width of
0.1940 mms ' [1] The source used during this work was
a 25 mCi °7’Co isotope in a Rhodium matrix supplied hy
Amersham International Ltd., having a single line with
full width at half height of 0.22 mms™! and a recoil
free fraction of 0.78 at room temperature. The isomer
shift relative to oa-Fe is +0.11 mmS'l, For the purpose
of calibration and linearity checks, the magnetic
hyperfine splitting of the ground and first excited
state of %7Fe was used. The decay scheme for *7Co is
given in Figure 3.2. The nuclear parameters for °7’Fe.

are given in Table 3.1
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o 270d

0.16%

Electron capture

‘ 99.84 %
Complex decay ’
5/2— ] 136.4 1078 sec
|
' -7
3/2— : Y 14 .4 IO sec
7.
M
l/2— :7 ! 0
Fe

Figure 3.2 : Decay Schere for *7Co

E = 14.4 keV I = 4,665 x 10~°% eV
Hg =+ 0.09024 nm we = 0.1940 mms—!
Hg = - 0.15460 nm Isotopic Abundance 2.14}
He
T = - 1,71321 Symmetrical line posns. for iron
g
foil
Ee
— = - 0.57106 1,6 + 5.312 mms-?
gg :
2,5 * 3.076 mms~!
3,4 + 0.840 mms~?
nm = nuclear magneton (nm = 5.0504 x 107%7 J T~')
Table 3.1 : MSsshauser Nuclear Paraneters 'dnd Cdlibration

Data for *>7Fe
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5.3 - the-AbDsorpers

3.2.1 ‘Absorber Thickness

It was shown earlier (Section 2.1.2) that the line width
of the emitted y-ray is related to the half-life of the
excited nuclear state. 1In practice, the observed line
width at half height is influenced by tte absorber
thickness. As the thickness of the absorber increases;
the line shape begins to deviate from the Lorentzian

shape and saturation effects occur.

A quantitative appreciation of the effect of absorber
thickness is gained by considering the area under the
absorption curve. Williams and Brooks [2] showed that,
in general, the area under the abscrption curve A(t)

is related to the MOssbauer thickness (t) by the

expression:
A(t) o 3t exp (-3t).[Io(3t) + I (3t)] (3.2)

I, and I, are zero and first order Bessel functions.
The above expression can be reduced to a first

approximation to:

for values of t < 5. (fg = recoilless fraction in the

source). Where t is large (2 10), equation 3.2 must

apply.
The absorber thickness is calculated using the equation

t"_" B.H'.fa.OO.X (304)
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3.3.2

3.3.3

where B. = 1/number of absorption lines

number of resonant nuclei cm™3 .

]

nt.

fa

recoil free fraction of the absorber
0p = resonant cross section

X actual absorber thickness.

In practice, eﬁaluation cf the optimum absorber thickness
using (3.2) is limited as fa is unknown for many
absorbers. DParticle size also has a major influence on

observed lineshapes as described in Section 2.3.

Absorbers for Transmission‘Massbaueflspectréscopz

In general, absorbers can be thin metal foils, compacted
powders, mixtures with inert solid diluernts, mixtures

with inert greases, frozen liquids, or frozen solutions.
The only limitation is on the material used for the

window of the sample container, as this must be free of

the resonant isotope and have a low attenuation coefficient
for the y-ray being studied. For this study, perspex
sample holders were used to record room temperature
spectra. For variable temperature wcrk (Section 3.6),
graphite sample holders were used to eliminate

temperaturc gradients across the sample.

Absorbers (Fluorescer) for Backscatter Mcssbauer

Spectroscopy

In backscatter MOssbauer spectroscopy, it is fluorescent
radiation which is detected and consequently one should
refer to fluorescers rather than absorbers when using

this geometry. Interral con§ersion (Section 3.4.2) leads
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3.4

3.4.1

to the emission of conversion electrons and coniersion
X-rays [3,4] either of which may be preferentially
detected by choice of the appropriate detector flow
gases. The.&ery(limited escape depth of the conﬁersion
electrons requires the surface under-in&estigation to be
scrupulously clean. For backscatter Mossbauer
spectroscopy, the sample must normally be mounted inside
the detector. Typically; Samples haﬁe been 2 cm x 2 cm
X 0.1 cm tablets of mild steel. For one aspect of

this work, isotopic enrichment ir 57Fe at the surface
was required. This is described in more detail in

Section 95.2.

Detectors

The detection system employed consisted of a proportional

counter, a pre-amplifier and a high count-rate amplifier.

Detector for Transmission Spectra

Several types of detector are commonly used, notably
sodium iodide scintillators, solid-state siliceon or
germanium detectors and gas-filled proportional counters.
The 14.4 keV Mossbauer transitior in iron is best observed
using a proportional counter to detect the y-rays. The
low energy y-rays are totally absorbed by the gas-filled
counter. This has better resolution and signal/noise
ratio than the scintillation counter, the efficiency of
which deteriorates at low energies on account of the
thickness of the NaI(T1l) crystal employed. (The

scintillation counter is preferred for the study of tin
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3.4.2

compounds using the 23.8 keV y-ray Mossbauer transition).
The proportional counter used contains an argon-5%
methane mixture providing optimum conditions for the low

energy y-ray. The operating ﬁoltage was -2.8 keV.

Detectors for Backscatter Spectra

Backscatter spectra are obtained by detecting the decay
products of the de-excitation of nuclei in the specimen
which have been resonantly excited by the source

radiation. The emitted radiation may be X-rays,

conversion electrons or Auger electrons, and backscatter
detectors are designed to be sensiti&e to these radiations.
Table 3.2 gives the proportion of X-rays and con&ersion

or Auger electrons emitted following resonance absorption

of the 14.4 keV y-ray in iron.

Energy | Number Approximate
(keV) (per 100) |maximum
absorption|range in
events typical
solids
57Fe
Y photons 14.4 9
K X-rays 6.3 27 10 pym
K conversion electrons 7.3 81 250 nm
L conversion electrons 13.6 9 900 nm
M conversion electrons 14.3 1
KLL Aﬁger electrons 5.4 63
LMM Auger electrons 0.53 .

Table 3.2 ¢ ‘Summary of Major Events During the Decay of
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Figure 3.3 is a schematic representation of the internal

conversion process.

A14.4 keV gamma ray

.10

14.4 keV 7.3 keV electron
lossbauer

gamma ray

5.6 kev
auger electrons

¥ 6.4 keV x-rays

Figure 3.3 Internal Conversion Processes for °7Fe

The range cof X-rays and conversion electrons are widely
different, typically 10 pm and 0.01 um respectively

in solid materials. Such limited escape depths require
the sample to be mounted inside the detector. The
arrangement of apparatus for backscatter spectroscopy

is illustrated in Figure 3.4. The y-rays from the
source pass through a thin window, cross the counter,
and fall upon the specimen. Backscattered radiation is
then detected in the counter, the crucial distinction
between electron and X-ray detection is the gas filling.

A filling of Argon with 5% methane at atmospheric
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3.4.3
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He 5% CHy, electrons

Figure 3.4 : Layout of Apparatus for Backscatter

- MOssbauer Spectrometry

pressure will absorb most of the X-rays producing a 6 keV
photo-electron. A filling of helium with 57 methane has
a very low efficiency for X-rays or y-rays but is

easily able to absorb low energy conversion electrons

by ionisation. The ionisation electrons are ccllected

by the positively charged wire and gas amplification
occurs in the normal way. The pulse produced by the
amplifier is thus closely propertional tc the energy

lost by the electron in the gas.

X-ray Detection

The X-rays of interest from the specimen have tle same

energy as X-rays emitted by the source, and observation

of the source X-rays makes setting the window very simple.

The source X-rays are filtered out using a thir aluminium
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foil when recording a spectrum. -

The electron detector may be set up as follows. A
fluorescer of the same coﬁposition as the Source; eg:
a foil of Rh®’Fe for a Rh®’Co source is placed in the
specimen position. The °’Fe concentration is kept
below a few per cent to avoid magnetic splitting or
broadening of the line [5]. When stationary, the
source is resonant with the fluorescer and conversion
or Auger electrons are produced with a background of
electrons mainly prodiuced by the 122 keV radiation.

If the source is then Vibrated, the resonant processes
are removed, but electrons produced by other processes
remain. An energy window is now easily set for the

conversion and Auger electrons.

The energy loss of electrons, and the possibility of
obtaining spéctra-related to particular depths in the
specimen has been the subject of a great deal of work
[6-11]. It is sufficient to remark here that if two
windows are set, one on the highest energy part of the
spectrum, and one on the lowest, the spectrum recorded
by the low-energy window samples a layer-deeper in

the specimen than the high energy window.

Gas flow proportional counters described aboﬁe suffer the
disadvantage that it is not easy to change the temperature.
Low temperature experiments are not possible because the

gases will condense. Ways of using channeltrons or other
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electron detectors in vacuo which remove this obstacle

are described elsewhere [12-14].

Instramentation

:A MOssbauer spectrum is a record of the rate of inter-
actions occurring in a specimen as a function of energy.
The occurrence of the interacticns may be detected by
the absorption of ¥y rays from the beam; in which case

w2 have a transmission spectrum,or by the detection of
the decay products, such as Y-rays; X-rays or con&ersion
electrons, of the excited nucleus in which case we have a
backscatter spectrum. A MOssbauer spectrometer is an
instrument for obtaining the spectra. A block diagram
of the system used is shown in Figure 3.5. It consists
basically of a drive mechanism to impart a controlled
Doppler velocity to the radioactiﬁe source, a detector
with associated amplifying and data collection
equipment, and a data storage device which is often a

multichannel analyser.

Mossbauer Drive System and Multichaﬁnel'Analyséf

Throughout this work, a Canberra Industries Series 30

1024 channel multichannel analyser (MCA) was used. The
two available mcdes of coperation were: either the time
mode, in which the analyser operates as a multichannel
scaler (MCS); or the pulse height analyser (PHA) mode.

In the time mode, the analyser stores the tétal count
information in each channel through a preset time interval

of 200 ps. At the end of the time interval, the address
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is advarced to the next sequential channel. A dead time,
cstimated at 10% of thc total scan time, is incurred
during this channel advance. ' This cperating cycle is

repeated over 512 channels and then recycled.

When operating in the PHA mode, a single channel analyser

is used to set a window for the radiation of interest.

The Elscint Function Generator, Model MFG—N—s;'and
Transducer Driving Unit; Model MDF-N-5, are operated in
conjunction with the Elscint Linear Velocity Transducer,
Model NVT4, to form the Velocity servo system. This
contains a wave function generator pro§iding a sawtooth
wave which operates on the Most Significant Bit (MSB)

of the MCA. The transducer driﬁing unit imparts a linear

motion to the moving rod of the transducer.

Using 512 channels of the MCA, a square wave is extracted
from the MSB of the MCA such that its leading edges are

at channels 256 and 512. This is integrated to obtain the
signal represénting the Velccit& waveform (Figure 3.6).
The transducer produces a voltage proportional to the
velocity of the vibrator drive shaft. The servo amplifier
compares this signal to the reference triangular aneform
and applies corrections to the drive coil to minimise

any differences. The amplitude of the triangular waveform
determines the velocity range of the,ﬁibrator. While the
~vibrator is continuously sweeping oﬁer a range of

. velocities, the MCA is sweeping through 512 channels.

The two sweeps are automatically synchronised and counts
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corresponding to a partiéuléruvelocity_are'fed to the
same channel in the MCA. Using the.aboﬁe symmetric
waﬁeform,:a mirror image o0f the spectrum is obtained
since; by nature of the wavéfof@, theyéelocity of the
source will change from positi&e to negatiQe énd from

negative to positive during a complete cycle.

This type of electromechanical driﬁe has excellent long-

term stability and synchronisation is ensured in a very

Channel 0 256 512
number
Acceleration | e e - - -
Waveform
-a
=A Y

-V

Velocity 4
waveform /////////b 0 \\\\\\\\i

Frequency
= 25 Hz

‘Mirror -
imaged'

M8ssbauer
spectrum

— t
+v 0 -V 0 +v

Figure 3.8 : The Mdssbauer Spectrum and Reldted Waveforms
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3.6

simple manner. The.ﬁelocity range required (typically

"% 12 mms~! for °’Fe) can easily be obtained with this

device, and the linearity of such Systems is typically
better than 1%. The duplicate spectra obtained are
useful because they can easily be folded err and
computer a&éraged, which eliminates any curvature of
the baseline due to the slightly different count rates
observed at the extremes of the source displacement;
and serves as a useful check on the linearity of the
system. Any lack of linearity in the scan will in
general destroy the mirror Symmetry_and any spurious
absorptions due to electronic faults can be easily

identified.

variable Temperature Facilities:

Many early spectra proﬁed difficult to interpret because
the corrosion products formed on iron may be a mixture
of phases of iron oxyhydroxides which giée doublets at
room temperature and/or relaxation, particle size
effects described earlier (Sections 2.2.3 and 2.3
respectively) may be influencing the obserﬁed spectra.
To resolve these problems spectra must be recorded at
temperatures well below-the maghetic ordering
temperature. This has now become possible using an

Air Products Cryogenic Refrigeration System (Figure 3.7).
The CS-202 Expander Module used in conjunction with the
DMX-20 interface is designed for applications in which
the sample area must be isolated from all,ﬁibrations

(ie tocbserve the M8ssbauer effect).
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. The CS-202 Expander Module is a two-stage cryogenic
refrigerator using gaseous helium as the refrigerant.
Power to operate the expander module is drawn from and
controlled by a compressor module which also supplies
the required gaseous heliuﬁ;‘ Figure 3.8 is a simplified
diagram identifying the key elements by which the

expander module produces refrigeration.

During operation, the compressor module continuously
draws low pressure helium from the system return linej
compresses, cools and cleans it; then delivers it at high
pressure through the system supply line to the
refrigeration module. Figure 3.9 illustrates the gas
flow cycle.

Gas leaving the compressor contains heat and

compressor lubricant which must be removed.

From the compressor, the hot gas and entrained oil
flows through one circuit of a three circuit heat
exchanger. After being cooled, it returns to the
compressor to cool the motor windings and to lose some
of the suspended oil. It is then recooled by making
a second circuit through the o0il separator énd the
adsorber for oil and moisture removal. From the
adsorber, the high pressure gas is piped to the

expander.
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Figure 3.9 : Schematic Gas Flow Diagram

The main problem in the use of this type of closed
cycle refrigerator is the elimination of vibration

at the sample low temperature stage. The cryogenic
system is designed such that the valve motor assembly
and the cylinder assembly, Figure 3.10, can be mounted
independently. These two parts are only. 'directly’
coupled by a rubber bellows and the exchange gas, NOT
as shown in Figure 3.10 which shows a conventional
cryostat where vibration isolation from the sample area

is not a problem. However, the two partz must be
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rigidly held in precise alignment and this requires

some external framework. -

An initial attempt utilised a rigid steel

frame to support both péfts; The only direct

mechanical linkage being through the floor; Howeﬁer;
this proved unsuccessful, the line widths of the spectra
recorded at this stage exhikited line broadening due to
residual vibration being transmitted to the sample low

temperature stage.

CYLINDER
ASSEMBLY < \
SK!RT
L.OW PRESSURE - = R
GAS RETURN i e | |l
FITTING B
HIGH PRESSURE ?
GAS SUPPLY s i 3 VALVE MOTOR
FITTING I r g; ASSEMBLY
f
ELECTRICAL s
CONNECTOR S E
cr o
ot

q

‘Figure 3.10 : Identifying the Cylinder and Valve Motor

Assemblies

- 102 -



Upper frame
supporting
valve motor

Lower frame ‘
supporting
cylinder

I}
assembly’ =

TN

—_—

N, ——

JN\/\r
i

—

TTTTT

reryet el

TTTITTTITA ]
11001

//-—ﬂ-’

|
il

Vacuum shroud

Figure 3.11 : Schematic showing the Modified Framework

used to Support the Valve Motor Assembly and
the Cylinder Assembly Cryostat Supported by
a Rigid Steel Frame

A modified support system was devised in which the valve
motor assembly was supported by an aluminium plate hung from
a concrete pillar, and the cylinder assembly was supported
by a lower frame bolted to the floor, Figure 3.11. A final
solution was achieved by making the frame more rigid and by
introducing damping between the uprights and at the base of
the cylinder assembly. The MOssbauer spectrum of sodium
nitroprusside Na,[Fe(CN)sNO].2H,0 and an enriched °’Fe foil
were recorded at room temperature and at 12 K (the base

temperature of the cryostat) to ensure all vibrations
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had been isolated from the sample area. The data are

summarized in Seectiocn 4.1.

Computer Fitting of Mossbauer Spectra

The use of computer facilities is essential for the
determination of line positions, line widths and
relative intensities in a Mossbauer spectrum; A program
based on the work of Lang and Dale [15] on the computer
fitting of Mossbauer spectra was used for the analysis

of the data.

The constant acceleration.&ibrator produces a Doppler
velocity which varies linearly from + V to ¢ to - V

and back to + V through a complete cycle of 512 channels.
By the nature of the triangular WaQeform produced by

the transducer, the two zero ﬁelocity positions are

at mirror positions at the extremities of the source
displacement. Consequently, the spectrum produced
contains the mirror imags of the data shown in the first
half (0-255 channels) of the memory of the multichannel

analyser, stored in the corresponding channels in the

second half of the memory (256-511 channels).

Folding Program

The first operation in the fitting process is to fold
the data stored in channels 0-255 on to the data in
channels 256-511 and to add the counts stcred in the
corresponding channels. An accurate determination of
the zero ﬁelocity position is ensured in the folding

process'by scanning 10 half-channels either side of
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3.7.2°

the expected folding position (128.5 channels) to find
the best mirror axis for the absorption peaks so allowing
for fluctuations in DC levels of the drive system; The
best mirror axis is determined from the'sum of the squares

of the difference of the mirrored points.

FittinglProgram

A visual inspection of the MOssbauer spectrum determined
the type of fit to the data. Three options were used
and these are summarised below:

OPTION 0.0 - This proﬁed to be the most commonly used

option for this work. Option 0.0 allows complex
spectra to be fitted with a relatiﬁely small number

of variable (or fixed) parameters. To achieﬁe this,

a matrix is constructed and a computer file describing
this matrix is written. To illustrate this point, a
typical matrix (Figure 3.12) and computer file

(Figure 3.13) demonstrate how the magnetically split
six line spectrum of a-Fe,03 - which is complicated

by a quadrupocle perturbation - can be described using

only nine paramcters.
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DPRMIR ND 1 2 3 4 5 6 7 8 9
PRMIR TYPE*| P P P W W W D D D
PRMIR = $ H A ¥y ¢ [Woys |Wayu|Dzye [D2ys {Dayu
LINE
1 1{-2.7132| 1 1 - - 1 - -
2 1 {-1.5711| -1 - 1 - - 1 -
2 1 -0.4289| -1 | - - 1 - - 1
4 1| 0.4289| -1 | - - 1 - - 1
5 1] 1.5711| -1 - 1 - - 1 -
6 1 2.7132 |1 1 - - 1 - -
* P = POSITION DPARAMETER
W = WIDTH PARAMETER
D = DEPTH PARAMETER

Figure 3.12 : Matrix describing standard iron oxide o-Fe,0j3

Thus:

Position of line 1 1 x 686 ~-2.7132 x H+ A

Width of line 1 1x Wl’G

Depth of line 1 1x Dl’s

whare §; H; A Wl,s; Dl’s are independent variables
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" 'OPTION 1.0 - The absorptior peaks are fitted as individual

lines. Each line is described by a position,a width
and a depth parameter. The computer.éaries each of these

independently to obtain the best fit.

"OPTION'Z;O —~ The absorption peaks are fitted as a number

of doublets. The centre, splitting/2, widths and depths
estimated from the folded data are varied until the
best fit is obtained. The widths of the component lines

are made equal.

Using any of these options (usually Option 0.C), a non-
linear least squares subroutine is used to fit
theoretical Lorentzian line shapes to the experimental
data relative to a constant background, which takes into
account small variations due to the cosine effect. The

program is then used to:

(i) Calculate the line positions, widths and relative

depths in the spectrum from the folded data.

(ii) Calculate a minimum in the differences between
the sum of the squares of the experimental data
points and the theoretical data points (obtained
from a second subroutine in the program). This

defines the X2 value which has the expression:

X2 = 21=255 (xiexperimental - xitheoretical)2
i=0

If the difference between the experimental and

theoretical data is large or if the amount of
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3.7.3

- background scatter is great, theny? will be large.

(iii) Use the least squares analysis to determine the
optimum.&alues of the background counts, baseline
curvature and overall intensity of the final

spectrum.

Calibration of the MoOssbauer Spectrometer

The amplitude of the symmetric triangular waﬁeform
which drives the ﬁibrator, is determined by the
helipot setting on the serﬁo amplifier and is related
to the velocity range through which the vibrator is
dri?en. Consequently, the 512 channels containing the
data must be calibrated using the velocity range set
by the helipot relative to the amplitude of the waveform.
The calibraticn constant (in channels mm~™! s~!) for a
particular helipot is usually obtained using the
magnetically split six line spectrum of enriched iron
as a calibration standard (Figure 3.14). From

Figure 3.15, it can be seen that ths data on the
ascending arm of the voltage ramp (0-256 channels) is
the mirror image of the data on the descending arm of

the voltage ramp.

The folded data {(Section 3.7.1) is then fitted using
Option 1.0. The line positionz are now known in
channels and in mms~!, the calibration constant, c,
is determined using the expression:

Splitting

1
2 x Doppler Velocity :

channels mm~' s~

¢ =
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The positions of the lines are known to occur at the

following Doppler. velocities [1]:

lines (1,6) =

I4
I+

5.312 mms—!

lines (2,5) = % 3.076 mms—%

lines (3,4) * 0.840 mms~—t

ABSORPTION

T T T T T 7T T T T T T T 7 Vv T T T 77T
-5.64.63.62.81.00.01.62.03.04.C5.0
VELDCITY rMM/SED)

......

Figure 3.14 : °7’Fe MOssbauer Spectrum of Enriched Iron
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0
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Number
1 2 3 4 5 6 6 5 4 3 2 1
I 1 | f
-V 0 +v 0 -V

Figure 3.15 : Schematic Enriched Iron Spectrum Recorded

Over 512 Channels

The final wvalue forkc is taken from the aﬁerage of the

three results obtained.
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4,1

The interpretation of the M&ssbauer spectra of many

iron oxides and oxyhydroxides is often facilitated if
spectra are recorded oﬁer a wide temperature range.
Indeed, if relaxation or particle size phenomena are
influencing the obserﬁed spectra, then variable
temperature data is ﬁital. The Variable temperature
facility described in Section 3.6 was used to record
MOssbauer spectra of two standard oxides and two natural
corrosion prodﬁcts oVer the temperature range 10-300 Kelvin.
The samples were packed with iron-free graphite powder in
a graphite sample holder to ensure a uniform temperature

across the sample.

The standard oxides investigated were the best
commercially available powder grades supplied by Johnson
Matthey Chemicals. For reference purposes, the Mossbauer
parameters of the common oxides and oxyhydroxides of iron

are given in an appendix to this chapter.

Vibration Isolation from the Displex Cryostat

A major problem with the use of a closed cycle
refrigeration system, as developed and used for this work,
was the elimination of vibration at the sample low
temperature stage. Figure 4.1 uses the spectrum of a thin
*’Fe foil to demonstrate the effect of vibration in the
sample area. The spectra given in Figure 4.1 were
recorded (a) using the cryostat before all vibration had

been isolated and (b) using a conventional sample holder.
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The effect of residual.Qibration is to significantly
broaden the'obser&ed linewidths thereby reducing the
amount of useful information gained. The linewidth of
line 1, Ty, in Figure 4.1(a) is 0.54 mm s—! compared to

0.24 mm s—! in Figure 4.1 (D).
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Figure 4.1 : The Effect of Vibration in the Sample Area

- 115 -



4.2

Vibration isolation from the displex cryostat was

finally achie?ed as described in Section 3.6 (in particular
see Figure 3.11)., To verify that all vibration had been
isolated from the sample area, MOssbauer spectra of

sodium nitroprusside; Na, [Fe(CN)sNO].2H,0, and *’Fe were
recorded (a) at room temperature, the cryostat not
operating, and (b) at 12 Kel%in, the base temperature of
the operational cryostat with the Displex motor running.

The observed linewidths (Table 4.1) remained constant.

Absorber T/K [T'y/mm s=! | Velocity Range
Na, [Fe(CN)sNO].2H,0 | 298 0.12 + 4 mm s~?
Na, [Fe(CN)sNOJ.2H,0 { 12 0.12 + 4 mm s}
>7Fe 298 0.23 +12 mm s-1?
S7Fe 12 0.24 +12 mm s-1

Table 4.1 : Linewidths for Two Different Absorbers at

Room Temperature and at the Base Temperature of the

Cryostat

The cryostat could now be used for the variable

temperature study of certain absorbers.

Standard Oxide, Haoematite, .a-Fe,Oq

The MOssbauer spectrum of a standard iron oxide
haematite, o-Fe,0;, was recorded at 290 Kelvin

(Spectrum 1) and at 6 Kelvin (Spectrum 2) using a liquid
helium facility in the Department of Physics at the

University of Sheffield. A computer fit to the data
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revealed parameters in good agreement with published
~values [1,2]. On cooling to 6 Kel?in; a small positive
increase in the isomer shift was obserﬁed} the reversal
of the sign of the quadrupole perturbation of the
magnetic field was clearly demonstrated in the spacings
of the outer lines, and the internal magnetic field
increased to a value of 544 kG. The data are summarised

in Table 4.2

Spectrum | T/K | 6(Rh)/mm.s~! | §(Fe)/m.s~! | e/mm.s™? ‘HINT/kG

1 200 |  0.24 '0.34 - 0.11 520
2 6 0.29 0.40 0.18 544

Table 4.2 : MOssbauer Parameters for Haematite, o-Fe,O05,

at 290 and 6 Kelvin

The value, epsilon €, is quoted as a small quadrupole

perturbation of the internal magnetic field where:

€

- €%9Q 3 cos?20 -1
2 P)

MOssbauer spectra of the same sample were recorded at

several temperatures between room temperature and

12 Kelvin using the displex cryostat (Spectra 3-12).

The instrumental operating conditions and absorber

temperatures are summarised in Table 4.3.
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Controller
Spectrum | T/K
. Set point/K | Heater power/W | Vérnier
3 287 - OFF -
4 200 200 12 34
S 175 175 12 38
6 150 150 12 50
7 125 125 12 60
8 100 100 12 63
9 75 75 5 63
10 50 50 S 63
11 23- 25 1 68
26
12 12 0 0 -

Table 4.3 : Experimental Conditions for 'a Variable

Temperature Study of a-Fe,0; ‘using the Displex Cryostat

Temperature control within * 0.5 Kelvin was achieved
in all cases except at a set point of 25 Kelvin when the
sample area temperature fluctuated between 23 and

26 Kelvin.

On cooling from 287 K to 200 K, the sample has undergone
the 90° spin rotation at 250 K (Tm), known as the Morin
transition [3], this transition again manifests itself

in the spectrum in the spacing of the outer 1lines.

On cooling below 200 Kelvin, the spectrum remained
essentially constant, the internal magnetic field increased

very slightly as the temperature was lowered to an observed
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4.3

value of 544 kG at 12 Kel&in. Spectra 1-12 are giﬁen

in Section 4.6.1.

Standard Oxide, Magnetite, Fe304

The liquid helium facility at the Uni&ersity of Sheffield
was again used to record spectra at 290 Kelvin

( Spectrum 13) and 6 Kel&in (Spectrum 14). At room
temperature, above the Verwey transition temperature;

Ty = 119 Kelﬁin, [4], the MOGssbauer spectrum consists

of two unresolﬁed sets of six line patterns. A computer
fit of the data revealed parameters in good agreement
with published Qalues [1]. The ferric ions in
tetrahedral (A) sites giﬁe rise to one six line pattern
of internal magnetic field 494 kG. Theother six line
pattern of internal field 462 kG is assigned to the
octahedral (B) sites occupied by ferrous and ferric

ions. Above Ty, a fast electron hopping process between
the ferrous and ferric ions is the reason why one pattern

is observed [5,6].

At 6 Kelvin, well below Ty, the hopping process is
inhibited due to an ordering of the ferrous ions in
alternate [100] layers, which giVes rise to the
orthorhombic symmetry [7]. Two partially resolved six
line patterns are apparently observed, (Spectrum 14).

A computer fit of the data as two sextets reﬁealed two
internal magnetic fields of 518 kG and 489 kG. The
larger of these fields is assigned to ferric ions on

both A ard B sites. The smaller field is assigned to the

ferrous ions, the large quadrupole interaction results
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from the orthorhombic symmetry [8]. The data, which are
in broad agreement with published.ﬁalues, are summarised

in Table 4.4.

Spectrum.|T/K | §(Rh)mm.s™ ! | 8§(Fe)/mn s~} €/mm.s™?! H ppp/ kG

13 |200(0.15 (&) |o0.26 (&) 0.00 (A) |494 (A)
0.53 (B) | 0.64 (B) 0.00 (A) |462 (B)
14 6 | 0.27 (Fe3+) | 0.38 (Fe3+) | 0.00 (Fe3+[518 (Fe3+)

.0.73 (Fe2+) | 0,84 (Fe2t) [-0,39.(Fe2) 489 (Fe2t)

Recorded at 290 K and 6 K

The displex cryostat was used to obtain the MOssbauer
spectrum of magnetite at various temperatures. The
instrumental operating conditions and absorber
temperatures were identical to those used for the variable
temperature study of haematite. Temperature control was

achieved as previously described (Table 4.3).

On cooling from room temperature to 125 Kelvin, the spectra
remained essentially constant (Spectra 15-19). A slight
increase in the internal magnetic fields from 484 kG and
462 kG for the A and B site iron atoms respectively at

room temperature to 508 kG and 484 kG at 125 KelVin was
observed as the temperature was lowered. On cooling
through the Verwey transition temperature, the spectrum

changed dramatically as preﬁiously described (Spectrum 20).
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4.4

Further cooling to 12 Kelvin had no appreciable effect

on the spectrum (Spectra 21-24). A computer fit to the
data recorded at 12 KelQin; again as two sextets;
revealed parameters identical with those for the 6 Kelvin
spectrum giﬁen in Table'4;4; Below the Verwey

transition temperature the areas of the lines are not
fully consistent with the simple analysis of a unique

B site ferrous cation site [9,10]. This has been taken
into account in the computer fitting of data obtained

by other groups [11,12]. Spectra 13-24 are giﬁen in

Section 4.6.2.

Environmental Corrosion -Product

The sample inﬁestigated was the long-term corrosion
product formed on a wall tie widely used in the local
construction industry of the 1920's. The loosely
adhered corrosion product was carefully removed from a

wall tie to provide the sample.

The room temperature MOssbauer spectrum reVealed a
quadrupole doublet plus additiona14unresolved high and
low velocity lines suggested by the triangulation of

the baseline (Spectrum 25). Considering only the
dominant doublet, a computer fit to the data revealed

an isomer shift §(Fe) = 0.40 mms—' and a quadrupole
splitting A = 0.75 mm s‘l, characteristic of Fe3t
(typical parameters for Fe3*; &§(Fe) = 0.1 - 0.7 mm s™%;
A=0.,0 -1,0 mm s™'). This is the limit of the

structural information that can be extracted from the
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room temperature spectrum. A variable temperature.
study was therefore undertaken, the instrumental
operating conditions and absorber temperatures were
identical to those preﬁiously described. In this
example, as the temperature was lowered, in addition to
the doublet a sextet of broadened non-Lorentzian lines
was observed. The relative intensity of the magnetic
and paramagnetic components changed as a function of
temperature (Spectra 26-36). These spectra are typical
of a microcrystaliine sample with a distribution of
particle sizes. The spectra exhibit superparamagnetic
reiaxation, responsible for the collapse of the six line
pattern, and collectiﬁe magnetic excitations responsible
for the unusual line shapes [13]. These phenomena are
discussed in Section 2.3. At a sufficiently low
temperature approximately 25 Kelvin for this sample, a
more typical six line pattern was observed. A computer
fit to the data recorded at 12 Kelvin as one sextet
revealed an isomer shift §(Fe) = 0.37 mm s~!, a small
quadrupole interaction € = 0.10 mm s_l, and an internal
magnetic field Hint = 493 kG. These parameters correspond
most closely to those of a-FeOOH [14]. However, if the
same data were treated as two unresolved sextets, after
the work of Chambaere et al [15], a better fit was
obtained (Spectrum 26) and B-FeOOH is the suggested
corrosion product. The parameters from this fit and
those for the room temperature spectrum are summarised

in Table 4.5. Spectra 25-36 are given in Section 4.6.3.
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The complementary technique of X-ray diffraction (X.R.D.)

was used to corroborate this interpretation.

-1 : -1 | Quadrupole
Spectrum.] T/K |6(Rh)/mm.s §(Fe)/mm s Interaction Hjnt/kG

25 290 0.29 0.40 0.75 -
26 12% 0.40 0.51 - 0.05 495
0.50 0.61 - 0.10 477

*The 12K spectrum is treated as two unresolved sextets.

Corrosion Product on a Wall Tie ‘Recorded at 290K and 12K

The data was obtained using a Philips DW 1130/00/60
generator with a Philips PW 1050/25 diffractometer
and an Advanced Metals Research graphite crystal

monochromator.

Using the Bragg relationship, nA = 2dsin® and knowing

the wavelength of the incident radiatiomn, Cu K, = 1.5418 Z,
values of dhkl were obtained. If sufficient d values

are accurately known then the diffracting material can be
identified using the American Society for Testing of
Materials (ASTM) search manual [16]. The instrumental
operating conditions are summarised in Table 4.6. A part
of the X.R.D. trace is given as an example in Figure 4.2.
The data are summarised in Table 4.7. The reference

number quoted in the final column, eg 13-157, identifies

the search manual volume number, 13, and the card number,
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157, for each of the compounds of interest. The

relevant ASTM search manual cards are given in Table 4.8.

Generator Chart .
Voltage:Current 20 Speed Target Filter
40 kV:40 mA 5-110° Variable Cu None

The X.R.D. data confirms the presence of B-FeOOH and the
absence of a-FeOOH, consistent with the MoOssbauer data
considered as two sets of unresolved sextets. All but
one of the more intense lines of B-FeOOH are observed,
whereas many lines corresponding to a-FeOOH are absent,
most notably those at d = 4.18 K, (corresponding to a
value of 26 = 21.3°); d = 2.452 2, (20 = 36.6°);
d=2.192 A, (26 = 41.2°); and d = 1.721 A, (26 = 53.2°).

It is established that the presence of chloride ion
favours the formation of B-FeOOH [17,18], the energy
dispersive analysis of X-rays (EDAX) detection system of
a Philips 500 scanning electron microscope was used to
confirm the presence of chloride ion in this Sample.

All the evidence therefore suggests that B=FeOOH is

the major corrosion product on this sample.
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20 a sin © a/.fi Inference Reference
16.9 |8.45 | 0.1469 | 5.246 | B-FeOOH 13-157
23.8 |11.9 | 0.2062 | 3.739 | y-Fe,0, 24-81
27.0 |13.5 | 0.2334 | 3.302 | B-FeOOH 13-157
32.2 |16.1 | 0.2773 | 2.780 | y-Fe,O, 24-81
34.2 |17.1 | 0.2940 | 2.622 | B-FeOOH 13-157
35.3 | 17.65 | 0.3032 | 2.543 | B-FeOOH 13-157
38.6 |[19.3 | 0.3305 | 2.333 | B-FeOOH 13-157
39.6 |19.8 | 0.3387 | 2.276 | B-FeOOH 13-157
43.1 |21.55 | 0.3673 | 2.099 | B-FeOOH 13-157
43.4 |21.7 | 0.3697 | 2.086 | y-Fe,O, 24-81
43.6 |21.8 | 0.3714 | 2.076 | BOTH BOTH
46.6 |23.3 | 0.3955 | 1.949 | B-FeOOH 13-157
52.2 |26.1 | 0.4399 | 1.752 | B-FeOOH 13-157
52.8 |26.4 | 0.4446 | 1.734 | B-FeOOH 13-157
53.9 |26.95 | 0.4532 | 1.701 | y-Fe,O, 24-81
56.3 |28.15 | 0.4718 | 1.634 | B-FeOOH 13-157
61.0 |30.5 | 0.5075 | 1.519 | B-FeOOH 13-157
62.2 |31.1 | 0.5165 | 1.493 B—FeOOH 13-157
62.8 |31.4 | 0.5210 | 0.1480 | BOTH BOTH
63.7 |31.85 | 0.5277 | 1.461 | B-FeOOH 13-157
68.3 |34.15 | 0.5614 | 0.373 | B-FeOOH 13-157
74.4 |37.2 | 0.6046 | 0.275 | y-Fe,O4 24-81
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(a)

13-157
d 7.40 3431 1.64 740 R-FeOOH
1, | 100 100 100 100 BETa [ron(I11) OxipE HypROXIDE (AxacanE 1Te)
Rad. A Filter Dia. aA m bl dA m, bxi
Cut off I/1, ViSuaL ESTimvATE 7.4C 100 110 1.438 | 80 541
Ref. MacKay, Min. Mag. 32 545 (1940) 5.25 | a0 200 1.374 | 40 | 730,312
3.7 10 220
Sys. TETRAGONAL 5G. g:::é !gg 43(1)8
& 10.48 be € 3.022 A € 0.2865 2502 | 80 211
ze Dx 3.55 e !
Ret loin. s M 3555 12053 20 | 420
3 2,285 1 4C 301
2,097 { 2 321
ts nes ty Sign 2.068 | 20 510
v D mp Color
Ret. 1.944 | 60 411
1.854 | 10 240
SYNTHETIC BY MYDROLYSIS CF FECLg O FEFy IN SCLUTION 4T :';f; :g ‘0;03.,’
- LA , S01,42
€(~100“C ror € wHOURS. 1eeas 1106 551
1.515 | 4C 0c2
1.497 | 20 £11
1.4eC | 20 |112,7104
1,459 | 10 £30
e 24-81 24-80A
L
z. d 2.52 1.48 | 2.85 5.90 | v-Fe,0,
:2 11, 100 53 34 2 gamms Iron Oxide (Maghemite)
g d
£ Red. Feks A 1.9373  Filter Dis. 5 :o mz, hi}ol dAa | /1] Bk
z Cut off 171, Photcmeter 1/lcor. .82 H 1 i';; l; ;;g
e N .
: Ref. Haul and Shoon, 2. phys. Cheaie, &4 216-26 (1939) | ¢ 13 1| 200 126 | 3| e
3 3.73 L] 210 1.21 s 444
o] Sys. Cubic SG. * 3.41 2 21 1.12 7 642
g sy 8.350 bo co 2 DC 2.95 34| 220 1.0 | 19 |ss3, 731
& a 8 y ] 2.78 19 221 1.07 1 650
9 Ref. Ibid. 2.64t - 310 1.04 ] 800
c 2.52 100 31 1.04 1 }652,740¢
= ¢a nwp ay Sign 2.41 1] 2 1.08 [ 1 |$54,7410
b 2v D mp Color 2.32 6 320
o Ref. 2.23 <} 2]
5 2.08 24 400
3
o *T* - P2,3 or 02 - P4,3. :% ;; :§2
g +Davies dnd Evans, J.%Chea. Soc., 4373 (1956). ver | ss |siosss
a Low angle lines calculsted from cell dimensions. 1,55 Q “2:520
g 1.53 1| sa
& 1.48 s$3 | 440
2 1.43 1 |4s33,530
]
> FORM 7.2
w
(e)
17-536
[ a.18 2.69 2.48 4.98 aFeO(0H) Fe303.Hy0 ¥
i, | 0o 30 2 10 Iron Ozide Hydroxide Coethite
Rad. Co a Filter Fe Dia 19ce. ah 3 by [ L] bu
Cut of m, 4.98 10} 020 1.467 [ @ 320
Rel. G. Brown, X-ray ldent. and Cryst. Struct. Clay 4,18 100 110 1.453 |10 061
Minerals, p. 38¢ Llondor 1961 ¢ 3.38 10 320 1.418] 2 112
2.69 o] 130 1.502{ 8 330
S Orthorhombic BG. Ponr (62) 2.58 s| on 1387 8 11
54596 bo9ssy e 3021 A0.462 €033 Ho o, 1 L 1.317] 8 s
. s v 24 Dnd2ed o5 | 16| oa 1.264 | 2 331
Ref. Pescock, Trans. Roy. Soc. Canads 36 1V, 116 (1942) 2.452 25 111 1.2 | 2 S T}
2.282 10 321 1.198 | 2 341
ta 2.260 bpep 2.393 ty 2.398(Ns) Sy 2.192 20 140
v D 426 mp Colar Black 2,009 2 131
Re! Posnjs: snd Merwin, Am. J. Sci. 47 311 (1919) 1.920 [ 04}
1.799 ] 21
Peacocl records a weak line ot 2.09, S, 220. 1.770 21 14
* Cited by Harrison and Peterson, Am. Min. S0 704-712 1721 } 20 2211
(1965) 1.69¢ 10 240
1.661 4| o060
1.606 [ 23
1.564 16 1151,160
1.809 | 10 1250,002

Table 4.8 '¢ The’American'Sqqiety:for.the.Tgsting‘of
Materials Search Manual Cards for a) B-FeOOH,

b) y-Fe,0;, c) a-FeOOH
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4,5

The diffraction data might also suggest the presence

of y-Fe,03. The d ='2.52>z, (26 = 35.6°); line may be
present as a shoulder on an adjacent line. Other

of the more intense lines are also presenﬁ, for example
d = 1.48 A, (20 = 62.8°); and d = 2.08 A, (20 = 43.5°).
The lines at d = 2,95 Z (26. = 30.3°); and d = 1.61 z,
(20 = 57.2°), are however notably absent, and; in
conjunction with the MOssbauer data it is therefore
suggested that y-Fe,05; is not present in this sample.
The many lines not accounted for are due to non-iron
containing matter within the sampie for example sand

and cement.

Aqueous Corrosion -Product

The corrosion product on an ordinary mild steel [19]
immersed in deionised water for 3, 30 and 200 days
respectively were investigated. Transmission and
backscatter MOssbauer techniques were used. A variable
temperature transmission study of the corrosion product
obtained after 200 days was also undertaken. X-ray
diffraction was again used to confirm the interpretation

of the MOssbauer data.

The 2.5 cm x 2.5 cm tablets of mild steel were carefully
removed from their aqueous environment, allowed to dry
in air for a few minutes, then placed in the backscatter
detector and the helium-methane gas mixture immediately
turned on. The suspension of corrosion products in the

aqueous medium were quickly filtered to proﬁide a sample
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for transmission experiments.

After 3 days immersion in deionised water, the
transmission spectrum revealed a doublet with parameters
6(Fe) = 0.36 mm s‘?; A =0.60 mm s~!, typical of Fe3%
(Spectrum 37), the associated backscatter spectrum
revealed a similar doublet with parameters

§(Fe) = 0.29 mm s=*, A = 0.66 mm s~* in addition to the
typical six line pattern associated with the substrate
(Spectrum 38). The transmission spectrum observed

from the sample immersed for 30 days was more complex
 (Spectrum 39): in addition to a doublet, the
characteristic pattern attributable to FezO, was
observed. A computer fit to the data revealed an
isomer shift §(Fe) = 0.36 mm s—! and a quadrupole
interaction A = 0.55 mm s~ !, typical of Fe3*t for the
doublet and typical parameters for Fe;O, from the

other lines (Table 4.9). The associated backscatter
spectrum (Spectrum 40) revealed essentially the same
features. This spectrum is, however, further
complicated by the six line pattern of the substrate.

A computer fit to the data again revealed parameters
typical of ferric iron plus Fez;O,. The variation in
the obserVed parameters, particularly for the doublet,
are not surprising in view of the small contribution to

the total spectrum made by this component.

The transmission spectrum obserVed from the sample
immersed for 200 days was identical- to that observed

after 30 days immersion (Spectrum 41). Howeﬁer, the

- 129 -



associated backscatter spectrum re?ealed no lines
corresponding to FezOu (Spectrum 43). The six line
pattern of the substréte'and a ferric doublet are the
only 1ines‘obser§ed. As the aqueous corrosion of

this steel proceeds, it appears that each corrosion
product is dislodged from the substrate surface to
continuously expose a fresh surface to the corrosion
process and the stable protective layer formed in some

corrosion processes was not observed in this case [20].

A variable temperature study of the transmission sample
after 200 days immersion was undertaken (Spectra 44-53).
In marked contrast to the variable temperature study

of the enﬁironmental corrosion product, the spectra
remained essentially constant as the temperature was
lowered. The internal field for both the A and B site
ions in FezO, increased to a value of 508 kG and 484 kG
respectively at 125 Kelvin. Below the Verwey transition
temperature, TV = 119 K, the characteristic changes in
the FezO, pattern described in Section 4.3 were observed.
A dramatic change in the spectrum was observed on cooling
from 75 Kelvin (Spectrum 50) to 50 Kelvin (Spectrum 51).
Further cooling produced a simpler spectrum and a
computer fit to the data recorded at 12 Kelvin (Spectrum
42) revealed parameters typical of Fe;O0,, again treated
as two partially resolved six line pattérns, plus a further
sextet with an isomer shift §(Fe) = 0.49 mm s~! and
internal hyperfine field Hi = 456 kG, These parameters

nt
are in excellent agreement with published values for

- 130 -



lepidocrocite, y-FeOOH, which is paramagnetic down to
at least 70 Kelﬁin and antiferromagnetic. below about
50 Kelvin [21]. The exact.ﬁalues being influenced by

the crystallinity of the sample [22].

The data are summarised in Table 4.9. Spectra 37-53 are

gi?en in Section 4.6.4.

The interpretation of the MOssbauer data was similarly
confirmed using the X-ray diffraction technique. In this
instance, the WaVelength of the incident radiation was
Co Ky = 1.7902 Z. The instrumental operating conditions
are summarised in Table 4.10. A part of the X.R.D.
trace is given as an example in Figure 4.3. The data
are summarised in Table 4.11. The relevant ASTM search
manual cards are given in Table 4.12., The X.R.D. data
confirms magnetite and lepidocrocite are the corrosion
products of this sample, all the major lines for both
species are clearly identified. A far simpler trace is
obtained from this corrosion product which is not

contaminated with non-iron containing material.

In conclusion, the variable temperature MOssbauer facility
developed as part of this work enables characteristic
spectra to be recorded over a wide temperature range down
to a base temperature of approximately 10 Kelvin without
the requirement of a liquid helium facility. The
technique demonstrates quite clearly the differences in
the observed spectra between a sample which exhibits only

bulk properties and one in which the particle size
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distribution within the sample is such that the
relaxation effects described in Section 2.3 become
important. The non—destructi§e nature of the method
enables the use of complementary techniques to confirm
any interpretation made from the Mossbauer data. The
Value of a complementary technique will also be realised
when the sample includes non-iron containing material
about which the Mossbauer technigue cannot yield any

information.
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Interaction
37 290 | 0.25 0.36 A =0.60 -
38 290 | 0.18 0.29 A =0.66 -
39 290 | 0.25 0.36 A =0.55 -
0.18 (4) 0.29 (A) e = 0.00 (A)| 485 (A)
0.53 (B) 0.64 (B) e = 0.00 (B)| 454 (B)
40 290 | 0.17 0.28 A =0.61 -
0.12 (A) 0.23 (4) e = 0.00 (A)|479 (A)
0.45 (B) 0.56 (B) e = 0.00 (B) 447 (B)
a1 290 | 0.25 0.36 A = 0.55 -
0.18 (A) 0.29 (A) e = 0.00 (A)|491 (A)
0.54 (B) 0.65 (B) e = 0.00 (B)| 459 (B)
42 12 |0.38 0.49 e = 0.00 456
0.34 (Fe3t) |0.45 (Fe3*t) | € = 0.00 522 (Fe3')
(Fed )
0.54 (Fe2t) |[0.65 (Fe?™) | e =10.29 510 (Fe2t)
(Fe?t)
43 290 | 0.23 0.34 A = 0.64 -

*Spectra 38, 40 and 43 are backscatter electron spectra,
an iron sextet with typical parameters is observed in

each case.

Table 4.9 : Mossbauer Parameters for the Corrosion

Products on a Mild Steel Immersed in Deionised Water
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26 6 sin @ dZX Inferénce Reference
16.4 8.2 0.1426 6.277 vY-FeOOH 8-98
21.3 10.65 0.1848 4.844 Fez Oy 19-629
31.6 | 15.8 0.2723 | 3.287 | y-FeOOH 8-98
35.2 17.6 0.3024 2.960 Fez; 0, 19-629
41.5 20.75 0.3543 2.526 Fe;0,4 19-629
42.5 21.25 0.3624 2.470 Y—FéOOH 8-98
44.8 22.4 0.3811 2.349 v~FeOOH 8-98
50.6 25.3 0.4274 2.094 BOTH BOTH
55.2 27.6 0.4633 1.932 Y~FeOOH 8-98
57.7 28.85 0.4825 1.855 y-FeOOH 8-98
62.2 31.1 - 0.5165 1.733 Y ~-FeOOH 8-98
63.2 31.6 0.5240 1.708 Fe 04 19.629
67.4 33.7 0.5548 1.613 Fe 04 19-629
69.7 34.85 0.5714 1.567 Y-FeOOH 8-98
71.5 35.75 0.5842 1.532 v-FeOOH 8-98
72.2 36.1 0.5892 1.519 y-FeOOH 8-98
74.2 37.1 0.6032 1.484 Fez 0,4 19-629
77.2 38.6 0.6239 0.435 Y~FeOOH 8-98
81.7 40.85 0.6541 1.368 Y-FeOOH 8-98
82.3 41.15 0.6580 1.360 Y -FeOOH 8-98
85.2 42.6 0.6769 1.322 Fe 0, 19-629
89.0 44.5 0.7009 1.277 Fe, 04 19-629
Table 4.11 : X-ray Diffraction Data for the Corrosion

Products on a Mild Steel Immersed in Deionised Water
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(a) B-9 8 masor correcrion

d 6.26 3.29 2.47 6.26 Feo{oH) 3/2(Feg0y .H0 )

m, 300 90 80 100 imon Ox1DE HyDRaTE Leripocmoct e
Rad CoKa 2 1.7902 Fiter Fe  Dia. 19cw dA_|1n | bn dA |1 |
Cut oft /1, VisuaL TZE 1100 0.0 1.196 | 20 [022,191
Ref. 300KSBY “X-RAY IDENTIFICATION AND CRYSTAL ‘3'29 90 120 1.189 20 1.10.0
STRUCTURES OF Ciav MiNERALS™ LONDON, 1953,FACING P, 264 ;;’: ;g‘ g;‘ 1.10 |2t
8ys. OrRTHORHOMBIC 8G. awam (63) 2:36 20 11: 1,075 |40 I":’:"
23.83 be 12,54 € 3.07 A 0.303 CO.245 2.00 | z0 |131,060 B Peacom

. b 31,

. ] Y Z 4 Dzx3.95 1.937 | 70 051,200
Ref. |31D. 1.848 | 20 220

1.732 { 40 151
1.566 | 20 0s0

ts 1.9 nes z.20 Ey 2,51 Sign -

2V 3° D 3.853 mp2s0°C Colar meD 10 mep grosq 1.535 | 20 002

Rel. Posnuax AND Merwing Am.J.Sci. 47 311 (1919) 1.52¢ | 40 231
1.49€ | 10R| Oc2

Pracock, Tmaws. Rov. Soc. Canapa 36 1V, 117 (1942) 1.449 | 10 180

FROM SITGEN, I[swnuu, GIVES A=3.87, B=12.58, ¢=3.07, § 1+433 | 20 m

Dy=:.97 1.418 | 10 260

1.389 | 10 122
1.367 | 30 251
1.261 | 10 091,520
1.213 | 10 230

o (W-etPmsrgal
F~p vaLues »y Rooxssy Omy

(b)

19-629
d 2.53 1,49 2,97 4.85 Fe30,
1'n 100 40 30 ] Iron{11,111) Oxide (Magnetite)
Rad. Cuoyd 15405  Filter Ni  Dia. dA JULf Akl | da L 1di] bM
Cutoff 1’1, Diffractometer 4.85 8 111 +8952 2 664
Ref. National Buresu of Standards, Monograph 25, Sec. 5§ 2.967 | 30 220 .8802 6 931
31 _(1967) 2.532 | 100 311 +8569 8 844
2,424 8 222 .8233 4 1020
Sys. Cubic S.G. ras- (227) c 2,099 | 20 400 817 6 | %51
2o 8.3% bo b 2 s Dr osaer 1715 | 10| 422 |.sos0 | 4| 102
Ref. Ivic. 1,616 | 30 [ s11
1.485 40 440
1.419 2 531
ca nwf y Sign 1.328 4 620
2v D op Color  Black 1,281 10 533
Rel. 1Ibid, 1.266 4 622
1,212 2 444
Semple obtained from the Columbian Carbon Co., New York | 1.122 4 642
17, New York, 1.093 12 731
Spectrographic analysis showed the following major 1.050 6 800
impurities: 0.01 to 0,1\ Co, 0.001 to 0.01% Ag, Al, Mg, | 0.9896 2 822
Mn, Mo, Ni, Si, Ti and Zn. «9695 6 751
Pattern taken at 25°C. 9632| 4 662
9388 4 840

FoRM T.2

Materials Search Manual Cards for (a) Y-FeOOH (b) FeszOy

Table 4.12 : The American 8001ety for the Testlng of
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